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CHAPTER | INTRODUCTION

1 Coronavirus disease 2019 (COVID-19)

Infectious disease control relies on the understanding of pathogen structure,
disease pathology and its mode of transmission which helps to develop suitable
vaccines or therapeutic interventions against that particular infection. The ongoing
pandemic coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). The pandemic causes devastating impact on
human lives and economy. The virus structure, infection, past outbreaks, and

adaptation of virus was briefly explained in this section.

1.1 Coronavirus

Coronaviruses (CoVs) are enveloped RNA viruses and classified in the
Nidovirales order, Coronaviridae family, which are classified into 4 genera:
Alphacoronavirus (a-coronavirus), Betacoronavirus (B-coronavirus),
Gammacoronavirus (y-coronavirus), and Deltacoronavirus (6-coronavirus) (1). The
genome of CoVs is positive-sense single-stranded RNA (+ssRNA), measuring
approximately 30 kb by 5’-cap and 3’-poly-A tail. The genomic RNA acts as a template
for the synthesis of both non-structural proteins (nsps) and structural proteins with
various open reading frames (ORFs) (Figure 1A).

The nsps genes, polyprotein 1a/lab (ppla/pplab), located in ORFla/b and
encoded 16 nsps (nspl-16), except Y-coronavirus (nsp2-16). Between the ORFla and
ORF1b has -1 frameshift to translate two polypeptides, ppla and pplab. After that,
viral proteases, one or two papain-like protease and chymotrypsin-like protease
(3CLP®) or main protease (MP®), cleave ppla and pplab into 15 or 16 nsps (2, 3). In
double-membrane vesicles (DMVs), nsps form the replication-transcription complex
(RTQ). Accordingly, RTC synthesizes a set of subgenomic RNAs (sgRNAs), which are 5’-
3’ messenger RNAs (mRNAs), to terminate transcription (4, 5). Then, a leader RNA
appears at transcription regulatory sequences that are located between open reading
frames (ORFs) and the minus-strand sgRNAs become the templates for the production

of subgenomic MRNAs (6, 7).



The 3’ terminus of the genome contains ORFs that are translated to structural
proteins and accessory proteins. The four major structural proteins consist of spike or
surface (S), membrane (M), envelope (E), and nucleocapsid (N) proteins (Figure 1B). S
protein is a transmembrane protein located on the outer viral surface, which form
homotrimer as a crown-like structure. S protein is cleaved by host furin-like protease
into 2 subunits, S1 and S2. The S1 unit contains a receptor-binding domain (RBD) that
interacts with the host cell receptor while S2 is involved in fusion and transmission to
enter into the host cell (8-10). M protein plays a major role in the structure and shape
of the virus. This protein can attach to all structural proteins, especially N protein to
stabilize the nucleocapsid (11, 12). Next, E protein participates in viral production,
assembly, maturation, and pathogenesis (13-15). N protein is bound to the viral
genome that plays a key role in the processes of the viral genome, viral replication,

and infection (9, 16, 17).

5’-{ ppla pplb S E M N ]-3’

= Spike protein (S)

Membrane protein (M)

Nucleocapsid protein (N)

%
S
q
J

g

S— Envelope protein (E)

Genomic ssRNA
Figure 1 Genomic structure (A) and virion of CoV (B).
ssRNA: single-stranded RNA, ppla/b: nsp polyprotein 1a/1b, S: spike protein, M:
membrane protein, N: nucleocapsid protein, E: envelope protein, dashed line:

accessory protein. Modified from (1, 18).

1.2 Outbreaks caused by CoVs
In the past, humans dealt with two epidemic respiratory syndromes namely

severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome



(MERS). Both diseases were caused by B-coronaviruses such as SARS-CoV and MERS-
CoV, respectively.

In 2002, the first confirmed case of SARS in humans was reported in the
Guangdong province, China (19). After that, the 26 countries were affected by SARS,
more than 8,000 cases and 700 deaths were reported in 2003. The transmission of this
disease might be caused by zoonotic transfer of virus from civet cats to humans and
then human-to-human transmission occur, via., respiratory secretions or body fluids.
The symptoms including high fever, cough, breath shorten, and diarrhea were reported
which rapidly progressed to severe respiratory distress in severe cases (20, 21).

MERS, the second epidemic, occurred in several countries in the Middle East,
South Asia, and Africa in 2012 (22). The initial human case was confirmed in Saudi
Arabia in 2012. Since 2012, the MERS spread to 27 countries, with 2562 cases, and 881
deaths were reported with the mortality rate of 34% (22). Still the origin of MERS-CoV
is unclear and suggested to be transmitted by animals to humans (23). The bats might
be the origin of this virus and transfer to dromedary camels, a reservoir, and then
transmitted to humans (22, 24). However, human-to-human transmission needs close
contact with patients, families, or health care workers, without appropriate protection.
The symptoms of MERS are similar to SARS, in addition MERS virus can develop into

renal disease in weakened patients (25).

1.3 SARS-CoV-2 Pandemic

Since December 2019, the world has been faced with the new pandemic novel
coronavirus disease (2019-nCoV or COVID-19) which is caused by SARS-CoV-2 (26). The
first case was confirmed in Wuhan, Hubei Province, China. The beginning of the disease
was suggested that it connected to wild animal trading at the Wuhan fish market (27).
However, no evidence can confirm the source of the disease (28). The hosts are
believed to be bats and pangolin, which showed 96% and 99% genetic similarity,
respectively, to SARS-CoV-2 found in humans (29, 30). COVID-19 spread around the
world with a high transmission rate and over 641 million cases, and 6.6 million deaths

were reported (data on 30" November 22) (31, 32). The patients mostly show



symptoms of fever, dry cough, and tiredness (33). In severe cases, the patients are
faced with lung injury by cytokine storm and immunosuppression (34, 35). COVID-19
spreads through infected saliva or droplets even during the incubation period (36).
Moreover, the dramatical infection rate of COVID-19 was suggested that it might be an
airborne transmission, small droplet (aerosol) spread in the air (37, 38). On the other
hand, most patients are asymptomatic-infected, those can spread the virus without
any symptoms (39), which makes the diagnosis and prevention of COVID-19 difficult
(40). Moreover, the incubation time of SARS-CoV-2 was estimated to be ranged from 2
- 11 days (mean = 5 days) (41, 42), and could be up to 24 days (43). When compared
with the previous CoVs, SARS and MERS showed the same as COVID-19 with a range of
2 - 10 days (mean = 5 days) and 2 - 14 days (mean = 5-7 days), respectively (44, 45).
Earlier reports suggested that SARS-CoV-2, similar to SARS-CoV (46), binds to
human angiotensin-converting enzyme 2 (hACE2) receptor via., spike or surface (S)
glycoprotein for infection (47-49). S protein plays an important role in host cell
attachment, cleaved into S1 and S2 subunits by the host proteases during the infection
process. In particular, the receptor-binding domain (RBD), located in the S1 subunit of
SARS-CoV-2, recognizes hACE2 in the host cell and plays a crucial role in host cell
entry. Therefore, the S, S1 or RBD proteins are the primary targets for neutralizing

antibodies and therapeutic vaccine development (50-53).

1.4 SARS-CoV-2 variants

The viral genome normally has the adaptive mutation to modify their ability to
survive against the immune response and obscure vaccine development from any
single amino acid change (54). In SARS-CoV-2, the mutations occurred over time and
created many variants that are different from the ancestral strain. The mutation in
early pandemic of SARS-CoV-2 was minimal with the appearance of main variant called
D614G, which was related with increase transmissibility without any effect in disease
severity (55). After that, the new variants of SARS-CoV-2 have been predominately
emerging worldwide (56, 57), which were classified for tracking SARS-CoV-2 genetic
lineages and named by WHO using letters of the Greek Alphabet (58). The emerging



variants were grouped into variant of concerns (VOCs) and variant of interest (VOIs).
VOCs exhibit high virulence, fast transmission, and reduced susceptibility to neutralizing
antibodies. Data as of 29" June, 2022, Omicron variant (B.1.1.529) was mentioned as
currently circulating VOCs. In addition, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and
Delta (B.1.617.2) variants were former VOCs.

In December 2020, the new VOC was reported from SARS-CoV-2 positive
patients in UK, described as B.1.1.7 lineage, GRY, or Alpha (59, 60). Alpha genome
consists of 8 mutations, A69-70, A144, N501Y, A570D, P681H, T716l, S982A, D1118H,
which are located in S protein (61). N501Y was reported as enhance transmission and
attachment to host cell by increasing binding affinity to human ACE2 (62). This variant
was reported as predominate strain in UK with 43% - 82% increase transmissibility (63).
Moreover, the mortality rate (~1.6 time) of Alpha virus infected patients was higher
than ancestral strain infected (64, 65)

Another new SARS-CoV-2 variant was reported in South Africa in October 2020,
namely, GH501Y.V2, lineage B.1.351, or Beta (66). Beta variant also has multiple
mutation sites at S protein (L18F, D80A, D215G, R246l, K417N, E484K, N501Y, D614G,
and A701V) (61). In addition, K417N, E484K, and N501Y sites are located in RBD, which
are related to increase the ACE2 binding affinity and evade host immune system (67,
68). Moreover, Beta strain was reported as high transmission rate and decrease
neutralizing activities from monoclonal antibody, convalescent sera, and vaccine
immunized sera (69-71).

In Brazil, the third VOC was reported in December 2020, known as P.1 lineage,
GR/501Y.V3, or Gamma (72). Gamma variant includes many mutation sites at S protein
(L18F, T20N, P26S, D138Y, R190S, K417T, E4A84K, N501Y, D614G, H655Y, T10271, V1176F)
(61). Gamma variant also shares the mutation sites (L18F, E484K, N501Y) that are
located in RBD like Beta variant and has an effect on antibody neutralizations (70).

The fourth strain was first identified in India, known as lineage B.1.617.2,
G/478K.V1 or Delta in December 2020 (73). Delta strain contains ten mutations in S
protein (T19R, G142D, E156G, AF157, AR158, L452R, T478K, D614G, P681R, D950N) (61).
RBD mutation sites (L452R, T478K), L452R was also reported in Epsilon strain (B.1.429

lineage) as involved in increase in both transmissibility and viral replication (74, 75). For



T478K site, it is suggested that associates with the infection and immune evasion, like
E484K mutation (76). In the past, Delta and its sub lineages used to dominantly infect
India and all other the world (77, 78)

Omicron variant (B.1.1.529 lineage or GR/484A) is the fifth VOC that was
reported in South Africa in November 2021 (79). With multiple mutations, more than
30 sites including insertion and deletion (A67V, A69-70, T95I, A142-144, Y145D, A211,
L2121, ins214EPE, G339D, S371L, S373P, S375F, K417N, N4dOK, G446S, SATTN, TAT78K,
E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H, N969K, L981F) in S protein (80). Omicron was reported
with higher transmissible than the Delta strain and affects even the vaccinated people
(81). Moreover, Omicron illustrated more evasive immunity ability than Beta in in vitro
study (82). However, no uncommon symptom was recognized in the Omicron patients
and some are asymptomatic (83). Many researchers suggested that Omicron strain
could increase transmissibility, decrease efficiency of vaccine, and enhance risk of
reinfection (84, 85).

VOIs are described as the variant that contain specific mutation markers
involved in increased transmissibility or virulence, decreased neutralizing activity of
antibodies from natural infection or vaccination, evasion ability of detection, or
reduced the effective of therapeutics or vaccination. WHO has informed eight VOIs that
has previously circulated, Epsilon (B.1.427 and B.1.429), Zeta (P.2), Eta (B.1.525), Theta
(P.3), lota (B.1.526), Kappa(B.1.617.1), Lambda (C.37) and Mu (B.1.621) (58).

2 Candidate for COVID-19 vaccines

Vaccines and vaccination protect us from infectious diseases and prevent the
spread of the pathogen. Several vaccines were developed against SARS-CoV-2. This
section explains the types, function, and efficacy of vaccines that were developed to

prevent COVID-19 infection.



2.1 Type of vaccines

From the WHO report (86), abouts candidate COVID-19 vaccines in clinical trials,
shows many types of vaccine (inactivated, non-replicating and replicating viral vectors,
DNA, RNA, protein subunits, and VLPs).

The inactivated virus vaccine is the most common vaccine which widely used
in many viral diseases (87). Virus inactivation methods employ chemical reagents,
detergents or heat are used to inactive the virus (88, 89). Previously, the inactivated
SARS vaccines were reported which showed antibody-dependent enhancement (ADE)
in SARS-CoV infection (90, 91). Recently, the inactivated vaccines against COVID-19 were
developed and approved (92, 93) such as CoronaVac (Sinovac, China), Covilo
(Sinopharm/BBIBP, China), and Covaxin (Bharat Biotech, India). The inactivated virus
vaccine recipients were not affected by changing percentage of lymphocytes or a
cytokine storm that can potentially cause of death in SARS-CoV-2 patients (92).

The viral vector vaccine generates a high-level protein expression and long-
term stability, and can induce robust the immunity (94, 95) which can be either non-
replicating or replicating vector. For non-replicating vector vaccine, host cells were
infected and virus antigens are produced. In contrast, replicating vector can generate
new virus to infect new host cell to increase antigen production (96). Both types of
viral vectors were employed for COVID-19 vaccine development and showed to be
promising in preventing the infection (97-99). In this platform, adenovirus type-5 (Ad5),
Ad26, and vesicular stomatitis virus (VSV) viral vectors are generally used. AZD1222 or
ChAdOx1 nCoV-19 (Vaxzevria or Covishield, Oxford/ AstraZeneca), JNJ-78436735
(Ad26.COV2.S, Janssen (Johnson & Johnson)), and Ad5-nCoV (Convidecia, CanSino
Biologics) have been listed as non-replicating viral vector COVID-19 EUL vaccines from
WHO. In T-cell response, the releasing of IFN-y, TNF, and IL-2 were detected from CD4"
and CD8" T cells (100). However, induced antibodies and T-cell responses were
moderately reduced in the recipients that used to get immunity against adenovirus
(100).

The virus genomic sequence could also be used for establishing vaccines in
both DNA and RNA form which offer great flexible antigen manipulation and high-speed

development (94). Firstly, DNA vaccine is based on the plasmid that encodes S protein



and induces immunity. Moreover, this kind of vaccine is high scalable, stable, and cold-
chain free (101). In the past, both SARS (102, 103) and MERS (104, 105) DNA vaccines
were developed which led the promising to develop SARS-CoV-2 DNA vaccine.
Recently, the COVID-19 DNA vaccines were developed (50, 106). Next, the RNA vaccine
is based on the messenger RNA (mRNA), encoding virus antigen protein, especially S
protein or RBD, to induce innate immune response both SARS and SARS-CoV-2 (107,
108). The RNA vaccine is mostly formulated in lipid nanoparticles for enhance
transportation into host cells after intramuscular injection (IM) (109). In principle, when
the mRNA vaccine is delivered into the cells and it will be translated into the protein
antigen in the cytoplasm (110). Then, the released antigen is processed and presented
by antigen-presenting cells (APCs) via major histocompatibility complex | (MHC 1) to
activate CD8" T-cells following MHC Il to activate CD4" T cells and B-cells by mounting
of an antibody response. These processes stimulate both humoral and cell-mediated
antigen-specific responses (110-112). In addition, secreted antigens were absorbed by
macrophages, then, pro-inflammatory cytokines and chemokines were released for
activating the innate immune response. In addition, IFN-y, IL-2, and IL-12p70 were
detected in mRNA vaccine recipients, indicating the T helper type 1 (Th1) bias, but not
the Th2 response (113). BNT162b2 (Comirnaty, Pfizer/ BioNTech) and mRNA-1273
(Spikevax, Moderna) were demonstrated the promising efficacy both in pre-clinical and
clinical studies, then, are approved by WHO EUL COVID-19 vaccines (114, 115).

The protein subunit vaccines are alternative way to be candidate vaccine
developed by using virus protein structure or subunits. The S protein is the major
candidate for COVID-19 subunit vaccine (116), especially RBD (117), Which is the main
domain that interacts with host cell receptor. However, full-length of S protein
vaccines may induce unwanted antibodies from non-neutralizing epitopes. In SARS-
CoV challenge in animal, the inflammatory and liver damage or enhancing infection
were observed after infection that related in antibody-mediated disease enhancement
(ADE) (118-120). In contrast, the fragment of S protein or RBD of SARS-CoV vaccines
showed highly neutralizing antibodies response without any adverse effects in SARS-
CoV challenged mice (121, 122). Moreover, the immunoinformatic approach might be

the alternative way to create the candidate multi-epitope peptide vaccines from MHC



epitopes of B-cells (123). Protein subunit vaccines mainly elicit antibody-mediated
immune responses via Th2 with a low level of T-cell induction. Adjuvants are required
to boost the immune response and enhance vaccine efficacy of protein subunit
vaccines (124). NVX-CoV2373 (Nuvaxovid, Novavax) was recently approved in WHO EUL
COVID-19 vaccine with promising safety and efficacy in phase 3 clinical trial (125). With
the Matrix-M adjuvanted NVX-CoV2373, Thl cytokines, IFN-y, TNF-a, and IL-2, in CD4"
and CD8" T cells were detected in higher level than IL-4 and IL-5 (Th2 cytokines)
secretion from CD4" T cells (126, 127).

The virus-like particles (VLPs), the co-expressed recombinant virus structural
proteins that mimics the virus virion without virus genome were developed for COVID-
19 vaccine to induce immunity (128, 129). The proteins on the VLP surface are
presented as antigens or epitopes for enhanced activation of B-cells and antibody
responses (130). Recently, plant-derived COVID-19 VLP vaccine (CoVLP or Covifenz),
developed by Medicago Inc., Canada, was approved for human use in Canada (131).

Recently, WHO has approved some SARS-CoV-2 candidate vaccines under
emergency use listing (EUL) as shown in Table 1 (132).

Table 1 WHO EUL COVID-19 vaccines.

Name of vaccine Developed by Type of Vaccine
Comirnaty
Pfizer/BioNTech, USA MRNA
(BNT162b2)
Spikevax
Moderna, USA MRNA

(MRNA-1273)

Vaxzevria or Covishield
Viral vector (non-

(AZD1222 or ChAdOx1 nCoV- Oxford/AstraZeneca, UK
replicating)
19)
Ad26.COV2.S Janssen (Johnson & Johnson), Viral vector (non-
(JNJ-78436735) USA replicating)
Convidecia Viral vector (non-
CanSino Biologics, China
(Ad5-nCoV) replicating)
CoronaVac Sinovac, China Inactivated
Covilo
Sinopharm/BBIBP, China Inactivated

(BBIBP-CorV)
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Name of vaccine Developed by Type of Vaccine
Covaxin
Bharat Biotech, India Inactivated
(BBV152)

Nuvaxovid or COVOVAX
(NVX-CoV2373)

Novavax, USA Protein subunit

2.2 Efficacy of approved vaccines against SARS-CoV-2 VOCs

SARS-CoV-2 VOCs have multiple mutations, especially in the RBD or S protein,
that relate to increase in transmission and evade the immune response. Some of the
crucial mutations are remarked to decrease the efficacy of approved vaccines (133).
BNT162b2 (Pfizer/BioNTech) induced neutralizing antibodies against the Alpha and Beta
variants as 2.6-fold and 8.8-fold reduction, respectively, compared to the Wuhan (134).
However, neutralizing titers against the Delta and the Beta variants were reduced as 3-
fold and 16-fold decrease when compared to the Alpha variant, respectively (135).
NVX-CoV2373 (Novavax) showed efficacy against non-B.1.17 strain (96.4%) higher than
B.1.17 (86.3%) in the clinical trial phase 3 (125). Furthermore, efficacy against the Beta
variant (60%) of NVX-CoV2373 was lower than the Alpha and D614G stains (136).
Additional, neutralizing titers of ChAdOx1 nCoV-19 vaccine (Oxford/AstraZeneca)
against the Delta and the Beta strains were decreased as 5-fold and 9-fold compared
to the Alpha strain (135). The neutralizing responses of both BNT162b2 and
ChAdOx1 nCoV-19 vaccines were detected against the Delta variant only after the
second dose (135). In BNT162b2 vaccinated sera showed 40-fold reduction in
neutralizing response against Omicron compared to the Wuhan. Moreover, neutralizing
response against Omicron in the CoronaVac (Sinovac) recipients’ sera was not detected
(137).

Hence urgent research is required to fulfill the knowledge of effective vaccine
and treatment on SARS-CoV-2 and its variants in order to combat its infection and

further variant outbreak.
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3. Plant-produced vaccines

The cost-effective recombinant vaccine production platform might reduce the
vaccine cost, reduce the financial burden, and improve vaccine accessibility, especially
in developing countries. Recently, the plant expression system is considered as an
alternative to conventional platforms to produce recombinant proteins, such as
enzymes, antigens, antimicrobial peptides, diagnostic reagents, and antibodies,
especially during emergency situations (138-141). In this section, plant-based

expression system, their types, and plant-produced vaccines were reviewed.

3.1 Plant-based recombinant protein production systems

During the pandemic or epidemic outbreaks, many therapeutic agents, vaccines
and diagnostic reagents are required to prevent or control the outbreak. The demand
for vaccination during COVID-19 pandemic has increased in all the countries. The rapid
production and effective material are involved in the major concern of the vaccine
industry. In developing countries, the cost-effective investment is also related.

On a commercial scale, recombinant therapeutic proteins are mostly produced
in bacterial expression systems for simple proteins without a post-translational process.
However, mammalian cell expression systems are famously used for producing
complex structural or functional proteins with required post-translational modification
(142-144). However, the mammalian cell system requires a high investment and
handling costs (145). At present, plants are alternative recombinant protein expression
systems with low cost, scalability, and providing post-translation modifications (146,
147). Moreover, the plant-produced process is more safety without contamination by
any mammalian or human pathogens (148). From above, the plant-produced
recombinant protein system is cost-effective, which can be used especially in
developing countries (149). Anyway, the downstream process for biopharmaceutical
production is similar to the mammalian system, which requires high purity and sterility.
The summary of comparison advantages and disadvantages of each recombinant

protein expression system was shown in Table 2 (Modified from (18)).
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Table 2 Comparison of recombinant protein production systems efficiency.

Organism Yield Scalability Cost Glycosylation Safety Timescale
Bacteria Moderate High Low None Low Weeks
Yeast High Low Moderate High mannose  Unknown Weeks
Moderate Moderate Mannose Weeks to
Insect Low Moderate
to High to High terminal months
Moderate
Mammalian cell Low High Correct Moderate Months
to High
Plant
Cell Weeks to
Moderate Moderate Moderate High
suspension months
Days to
Transient High High Low Plant specific High
weeks
Months to
Transgenic Moderate Moderate Low High
years

There are several methods to produce recombinant proteins in plant systems,
stable transformation, transient expression, and cell suspension cultures (150). In the
past, the stable expression system was mostly used for producing proteins in plants
by transformed the foreign gene into the host genome. While transient expression
method was done by modified viral-derived vectors and agroinfiltration. Moreover,
transgenic plant cell suspension system was alternatively used for producing protein
by culturing the plant cells in bioreactors, like bacterial and mammalian cells (151).

The brief process of recombinant protein production in plants is shown in Figure 2 (18).
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Stable Expression Transient Expression Cell Suspension Culture

Particle Nuclear Plant virus Vacuum infiltration Plant cell culture  Hairy root culture
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Transgenic plant Large scale manufacturing

Infected plant Infiltrated plant

Figure 2 Schematic representation of different expression methods available for the

production of the recombinant proteins in plants.

Tobacco (Nicotiana tabacum and Nicotiana benthamiana) is a well-known
plant to use for expressing recombinant proteins, including recombinant therapeutic
proteins. Moreover, tobacco is not food-crop or animal feed plant which will be saved
for contaminating genetically modified (GM) (142, 152). Previously, tobacco was used
mainly to develop transgenic plants (stable transformation). However, the long
duration for developing and producing proteins in transgenic plant makes it not
suitable to use during disease outbreaks (153, 154).

Transient transformation, which can rapidly scale up the recombinant, has
become famous method at present (155). The transient expression is mediated by
Agrobacterium tumefaciens via., nonvirulent tumor inducing plasmid (Ti-plasmid) by
releasing transfer-DNA (T-DNA) to plant cells. N. benthamiana is commonly used as
transient expression host (152). N. benthamiana-based rapid antibody manufacturing
platform (RAMP) was established to fight against EBOV outbreak by using magICON,
tobacco mosaic virus (TMV) vector expression system (156). The geminiviral vector is

the next generation of transient expression, using bean yellow dwarf virus (BeYDV)
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derived vector (157) to produce high copy recombinant DNA which refers to high level
of transcription of gene of interest (GOI).

The pBeYDV (pBY) expression vector series were reconstructed from Ti-plasmid
that contains modified T-DNA from BeYDV DNA e.¢., pBYR2eK2Md (pBYR2eK) (Figure 3),
which mimics the virus replicon without viral structure proteins. These vectors use
cauliflower mosaic virus (CaMV) 35S promoter for strong expression. The mechanism
of this expression system starts after T-DNA from Agrobacterium was transfer to the
genome of infected plant cells, called rolling circle replication mechanism. Firstly, the
replication initiator protein (Rep) is translated from C1/C2 by host replication elements,
then, nicks the template at long intergenic region (LIR). After that, template is
replicated again at nicked LIR and stop at short intergenic region (SIR), which contains
poly A tail signal. Then, Rep performs as terminase to release from template and
suddenly ligates the copied DNA to form circular DNA. Finally, many circular DNA
insides host nucleus will be transcription and translation to produce GOI that is inserted
in T-DNA. Which results high yield recombinant proteins (157). To prevent the silencing
from host RNA interference (RNAI), p19 suppressor protein of tomato bushy stunt virus

(TBSV) was added to T-DNA cassette.

A.
(IMVQ 5°-UTR, NbPsaK2T1-63 5’ UTR Ext3
x tl
B PinII 3’ P19 P35S P358x2e | GOIL FL Rb7 C1/C2
LIR SIR LIR
1 | )
Y v
Rep mRNA
|
B. ", P35Sx2e

¢y DR

\

Rep protein

NbPsaK2T1
‘ pBYR2eK replicon h
SIR
\ GOl
Ext3’ FL

Figure 3 Structure of T-DNA from pBYR2eK2Md (pBYR2eK) (A) and its replicon (B).
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LB (left border), Pinll 3" (potato proteinase inhibitor Il gene terminator), P19 (tomato
bushy stunt virus (TBSV) P19 gene), TMVQ 5°-UTR (tobacco mosaic virus Q 5’
untranslated region), P35S (cauliflower mosaic virus (CaMV) 35S promoter), LIR (bean
yellow dwarf virus (BeYDV) long intergenic region), NoPsaK2T 5°’UTR (5 untranslated
region), GOI (gene of interest), Ext3FL (3" full length of the tobacco (N. tabacum)
extension gene), RB7 (tobacco RB7 promoter), SIR (BeYDV short intergenic region of),
C2/C1 (BeYDV open reading frames C1 and C2 encoding for replication initiation
protein (Rep) and RepA), RB (right border). GOI Gene of Interest Modified from (157,
158)

3.2 Plant-produced recombinant vaccines

Since the advancements of plant genetic engineering in the 1980s, plants have
been used for the production of economically valuable, biologically active non-native
proteins or biopharmaceuticals, the concept termed as plant molecular farming (PMF)
(159). The first plant-produced vaccine against Newcastle disease virus to prevent
poultry infection, has been approved by the US Department of Agriculture (160).
Moreover, several plant-based candidate vaccines have been investigated to induce
immunogenicity and demonstrated safety in both preclinical and clinical studies (Table
3, Modified from (18)).

In COVID-19 candidate vaccines, plant platform showed the potential to
develop effective vaccine. Virus-like particle (CoVLP, Medicago Inc., Canada) and
protein subunit (KBP-201, Kentucky BioProcessing, Inc., USA; Baiya SARS-CoV-2 Vax 1
and Baiya SARS-CoV-2 Vax 2, Baiya Phytopharm Co., Ltd., Thailand) vaccines are on-
going in clinical trials. CoVLP or Covifenz, N. benthamiana-produced virus-like particle
vaccine adjuvanted with AS03, is recently approved for human used, age 18 - 64 years
old, in Canada (131). Moreover, CoVLP was cross-effective against SARS-CoV-2 variants
with transient adverse effects without any concerns in the clinical trial phase 3 (161).
KBP-201, RBD-based vaccine produced from N. benthamiana with CpG adjuvant, is
under the clinical trial phase 1/2 (86). Baiya SARS-CoV-2 Vax 1, RBD fused with fragment

crystallizable (Fc) vaccine from N. benthamiana adjuvanted with alum, is the first
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generation COVID-19 vaccine of BaiyaPharming™ platform starting phase 1 of the
clinical trial and performs effective immunogenicity and safety in pre-clinical studies
(162-164). Baiya SARS-CoV-2 Vax 2 is the second generation vaccine under the clinical
trial phase 1 (165).

These increase the reliability of plant-produced

successes  could

biopharmaceutical proteins on human treatment. In addition, the plant-based vaccines

can be given an opportunity for development and commercialization in further.

Table 3 List of plant-produced candidate vaccines against viral diseases that are in

clinical studies.

Plant
Disease Developer Type Clinical Trial Reference
Species
Phase 3 (NCT03321968,
Quadrivalent Virus-
Medicago Inc. NCT03301051, (166)
like particle
Influenza NCT03739112)
Kentucky
Protein Subunit Phase 1 (NCT04439695) (167)
BioProcessing Inc.
Phase 2 (NCT01991561,
H5N1 Medicago Inc. Virus-like particle (168)
NCT01244867)
influenza
Fraunhofer, CMB Phase 1 (NCT01250795) (169)
Protein Subunit
H1N1 Fraunhofer, CMB - Phase 1 (NCT01177202) (169)
influenza Medicago Inc. oF Virus-like particle Phase 1 (NCT01302990) (170)
3
H7N9 s
Medicago Inc. 3 Virus-like particle Phase 1 (NCT02022163) (171)
influenza g‘
Kentucky ° Phase 1/2
Protein Subunit (86)
BioProcessing, Inc. (NCT04473690)
COVID-19 Medicago Inc. Virus-like particle Phase 3 (NCT05040789) (161)
Baiya Phytopharm Phase 1 (NCT04953078) (86)
Protein Subunit
Co., Ltd. Phase 1 (NCT05197712) (165)
Anthrax Protein Subunit Phase 1 (NCT02239172) (169)
Fraunhofer, CMB
Malaria Virus-like particle Phase 1 (NCT02013687) (169)
Follicular Icon Genetics Full-idiotypic
Phase 1 (NCT01022255) (172)
Lymphoma GmbH immunosglobulin
Thomas Jefferson Glycoprotein and
Rabies Spinach Phase 1 (173)

University

nucleoprotein fusion
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3.3 Alum adjuvant

Due to the poor immunogenic response of some recombinant antigens, the
adjuvant formulation is required to boost the immune response of the vaccines (174)
Adjuvants are classified into three groups. First, immunomodulatory molecules are
innate receptor ligands, such as toll-like receptors (TLRs), NOD-like receptors (NLRs), C-
type lectins, and RIG-I-like receptors. Second, the delivery systems that promotes
more effective delivery of vaccine antigens (lipid vesicle-based or liposome). Third, the
combined actions of the above systems such as squalene-based emulsion (MF59),

aluminum salts, and adjuvants combination (Figure 4) (175).
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Figure 4 Proposed mechanisms of action of adjuvants.

Many mechanisms have been proposed through which adjuvants mediate their
activity in the immune response. Some adjuvants can activate innate immunity by
acting as ligands for pattern recognition receptors (PRRs). Then, transcription factors
can be activated by receptor signaling. After that, cytokines and chemokines
production have been induced that help through especially immune response, such
as a Th1 or Th2 response, as well as impact the immune cells that are recruited to
the site of injection. Some adjuvants have also been reported as associated activation

of the inflammasome that leads to the production of proinflammatory cytokines.
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Moreover, some adjuvants also influence antigen presentation by MHC. Many

adjuvants can perform through multiple mechanisms (175).

Alum, aluminum salt-based, is well known as a generally used adjuvant in
vaccines and has been used for many decades (176-178). Alum adjuvants are referred
to as non-crystalline gels mostly based on hydroxide gel (aluminum oxy-hydroxide) or
phosphate gel (aluminum hydroxyphosphate) (179). Aluminum in vaccine adjuvant
plays an important role in absorbing negative net charge antigen with positive net
charge aluminum particles. The action mechanism of alum adjuvant is proposed in 3
major ways, functioning by increasing the antigen recognition and uptake of antigen,
recruits various types of immune cells, and promotes proinflammatory cytokines
through cell signaling (175). Alum formulation vaccines show strongly stimulate Th2,
which produce IL-4, IL-5, and IL-10, and induce adaptive immunity by Th2 cells helping
follicular B cells (180, 181). Moreover, alum adjuvant also activates innate immunity
through pattern recognition receptors (PRR) (182). The benefits of alum in vaccine
adjuvants are included antibody responses induction, antigen stabilization, and safety

profile (179).

4. Objectives of the Study

This study aimed to expand our horizon of the previous knowledge on plant-
produced SARS-CoV-2 RBD-Fc vaccines, by investigating the immune response of low
dose of our vaccines with three-dose regimen in cynomolgus monkeys. Further the
ability of antibodies elicited by RBD-Fc vaccines to neutralize SARS-CoV-2 variants were
also elucidated. In this study, plant-produced SARS-CoV-2 ancestral (Wuhan) RBD and
SARS-CoV-2 variant RBD proteins, Alpha (N501Y, A570D, D614G), Beta (K417N, E484K,
N501Y, D614G), Gamma (K417T, E484K, N501Y, D614G), Kappa (L452R, E484Q, D614G),
Delta (L452R, T478K, D614G), and Epsilon (L452R, D614G), were fused with Fc region
for subunit vaccine development. The in vivo immunogenicity of the low dose (10 pg)
of plant-produced RBD-Fc, Baiya SARS-CoV-2 Vax 1, and variant vaccines were tested
in cynomolgus macaques. Further, the ability of neutralizing against original SARS-CoV-

2 (Wuhan) and its variants was also evaluated in these plant-produced vaccines.



19

CHAPTER Il EXPERIMENTAL

1. Research framework
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2. Equipment and chemicals

2.1

2.2

Equipment and machines

0.45 um S-Pak membrane filters (Merck, USA)

0.22 um polyethersulfone (PES) syringe filter (Merck, USA)

Amicon® ultracentrifugal filter 50K (Merck, USA)

High binding 96-well plate (Greiner Bio-one, Austria)

0.45 um nitrocellulose membrane (Bio-rad, USA)

T100™ Thermal Cycle (Bio-Rad, USA)

Mini-PROTEAN® Tetra system (Bio-rad, USA)

MicroPulser (Bio-Rad, USA)

1.5mL Graduated Microcentrifuge tube (Molecular BioProducts, USA)

ImL Pipet tips, blue (Molecular BioProducts, USA)

1-200 pl Pipet tips, yellow (Molecular BioProducts, USA)

0.1-20 pl Pipet tips (Molecular BioProducts, USA)

Microplate incubator (Hercuvan Lab systems, Malaysia)

Spectramax M5 microplate reader (Molecular Devices, USA)

Chemical reagents

Agarose (Vivantis, Malaysia), Ampicillin (ITW Reagents, Germany), Kanamycin
(Bio Basic, Canada), Rifampicin (Thermo Fischer Scientific, USA), Gentamicin
(ITW Reagents, Germany), 2-N-morpholino-ethanesulfonic acid (MES) (ITW
Reagents, Germany), Magnesium Sulphate (MgSO,) (Merck, USA), Tris
(Vivantis, Malaysia), Glycine (Vivantis, Malaysia), Sucrose (Merck, USA),
Enhanced Chemiluminescence (ECL) plus detection reagent (Abcam, UK),
color reagent A ( stabilized peroxide solution) and color reagent B
( stabilized chromogen solution) ( R&D Systems, USA), InstantBlue®
coomassie protein stain (Abcam, UK), rProtein A Sepharose Fast Flow
antibody purification resin (Cytiva, USA), Medical X-ray Green/MXG Flim
(Carestream, China), B-mercaptoethanol (Merck, USA), Skim milk (BD Difco,
USA), TMB stabilized substrate (Promega, USA), Sulfuric acid (H,SO,) (Merck,
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USA), Alhydrogel® adjuvant 2% (Aluminium hydroxide gel) (Invivogen,
USA), 1X Phosphate buffered saline (PBS) (Hyclone, USA)

2.3 Gene synthesized

- SARS-CoV-2 RBD gene (Accession No: YP 009724390.1, F318-C617)
(GeneWiz, China)

= SARS-CoV-2 Alpha RBD gene (Accession No: QQXO0 1934.1, F318-C617)
(GeneWiz, China)

- SARS-CoV-2 Beta RBD gene (Accession No: QSH75306.1, F318-C617)
(GeneWiz, China)

2.4 Enzymes

- BamHI (New England Biolabs, USA).

- Xbal (New England Biolabs, USA)

- Sacl (New England Biolabs, USA).

- T4 DNA ligase (New England Biolabs, USA).

- Taqg DNA polymerase (Vivantis, Malaysia)

- Q5 DNA polymerase (New England Biolabs, USA)

2.5 Cloning and Expression vector

- pGEMT-Easy Vector (Promega, USA) (Appendix A)

- pBYR2eK2Md Vector (Appendix B)

2.6 Molecular Biology kits

- AccuPrep Nano-Plus Plasmid Mini Extraction kit protocol (Bioneer, Korea)

- AccuPrep Gel Purification Kit (Bioneer, Korea)

2.7 Bacteria

- Escherichia colj strain DH10B

- Agrobacterium tumefaciens strain GV3101

2.8 Antibodies and recombinant protein

- Goat anti-human IgG-HRP (Southern Biotech, USA)

- Anti-SARS-CoV-2 RBD conjugated HRP (Sino Biological, China)

- Goat anti-monkey IgG HRP conjugated (Abcam, UK)
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= SARS-CoV-2 Spike protein (RBD, His Tag) (GenScript, USA)
2.9 Buffer

2.9.1 Buffer for variant RBD-Fc purification

Extraction buffer & Washing buffer
137 mM Sodium chloride (NaCl), 2.7 mM Potassium Chloride (KCl), 8.1 mM
Sodium hydrogen phosphate (Na2HPO4), 1.5 mM Potassium dihydrogen
phosphate (KH2PO4) pH 7.4

Eluting buffer
0.1 M Glycine, pH 2.0-3.0

2.9.2 DNA loading 6x dye

38% (w/v) Glycerol, 0.08% (w/v) Bromophenol blue, 0.08% (w/v)
Xylencyanol

2.9.3 Z-buffer non-reducing dye

125 mM Tris HCL, 12% Sodium Dodecyl Sulphate, 10% Glycerol, 0.001%

Bromophenol blue pH 6.8

2.9.4 Z-buffer reducine dye

125 mM Tris HCl, 12% Sodium Dodecyl Sulphate, 10% Glycerol, 0.001%

Bromophenol blue, 22% B-mercaptoethanol pH 6.8

2.9.5 1X Phosphate-buffered saline (PBS)

137 mM NaCl, 2.7 mM Potassium Chloride (KCl), 8.1 mM Sodium hydrogen
phosphate (Na,HPOy), 1.5 mM Potassium dihydrogen phosphate (KH2PO4)
pH 7.4

2.9.6 Phosphate-buffered saline-Tween (PBST)
1X PBS, 0.05% Tween 20

2.9.7 1X Running buffer (SDS-PAGE)

25 mM Tris, 192 mM Glycine, 1% SDS

2.9.8 1X Transfer buffer (Western blot)

25 mM Tris, 192 mM Glycine, 15% Methanol

2.9.9 1X Infiltration buffer

10 mM MES, 10mM MgSO4 pH 5.5
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2.10 Media

2.10.1 Luria Bertani (LB) Broth

1% NaCl, 0.5% Yeast, 1% Peptone

2.10.1 Luria Bertani (LB) Acar

1% NaCl, 0.5% Yeast, 1% Peptone, 1.5% Agar

3. Methods

3.1 Construction of recombinant expression vector

For the construction of receptor-binding domain (RBD) genes, the SARS-CoV-2
Wuhan RBD sequence (Accession: YP 009724390.1, F318-C617) with 1XGGGGS linker
containing Xbal and BamHI restriction enzyme sites at 5’ and 3’, respectively, was
codon-optimized and synthesized by Genewiz (China) as previously described (163).
For SARS-CoV-2 variant RBD genes, the Wuhan RBD gene was used as a template to
generate a series of RBD point mutations with the same amino acid sequence length.
The construct of Alpha (N501Y, A570D, D614G) and Beta (K417N, E484K, N501Y, D614G)
RBD genes with 1XGGGGS linker containing Xbal and BamHI| sites at 5’ and 37,
respectively, were codon-optimized and synthesized by Genewiz (China) as previously
described (183). Then, the RBD-Fc genes were created by ligation at the 5” BamHI site
of the Fc region of human IgG1 (Accession: 4CDH A, P35-K255) containing 2XGGGGS
linker and 3’ Sacl site by T4 DNA ligase (New England Biolabs, USA). After that, the RBD-
Fc gene was ligated with Xbal and Sacl overhang of the recombinant bean yellow
dwarf geminiviral plasmid pBYR2eK2Md (pBYR2eK) (157) by T4 DNA ligase. The ligation
mixture was transformed into Escherichia coli strain DH10B competent cells by heat
shock method. The cells were spread on selective Luria-Bertani (LB) agar plate
containing 50 pg/mL kanamycin (ITW Reagents, Germany) and incubated at 37°C
overnight. The selected colonies were picked from the plate for colony polymerase
chain reaction (PCR) using Xbal-SP-F/Fc-KDEL-Sacl-R primers (Table 4). The confirmed
colonies were inoculated into 50 pyg/mL kanamycin in LB broth and incubated at 37°C

overnight in a shaking incubator. The recombinant plasmids were extracted from
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bacteria by following the protocol from DNA-spin™ Plasmid DNA Purification Kit (iNtRON
Biotechnology, Korea) and stored at -20 °C.

For the other variant RBD genes, Gamma (K417T, E484K, N501Y, D614G), Kappa
(L452R, E484Q, D614G), Delta (L452R, T478K, D614G), and Epsilon (L452R, D614G) RBD
genes was constructed by site-directed mutation primers (Table 4) with PCR. Briefly,
the Gamma RBD was constructed with K417T replacement by using Xbal-SP-F/K417T-
R and K417T-F/D614G-R primers, and the Beta RBD-Fc gene as a template. The Epsilon
RBD was generated L452R and D614G mutations by using SP-F/L452R-R and L452R-
F/D614G-R primers, and the Wuhan RBD-Fc as a template. Epsilon RBD was used as the
template for generating the Kappa RBD (E484Q) with SP-F/E484Q-R and E484Q-
F/D614G-R primers, and the Delta RBD (T478K) with SP-F/T478K-R and T478K-F/D614G-
R primers. Then, all new variant RBD genes was ligated with Fc region and pBYR2eK
plasmid and then the recombinant plasmids were screened as above described. All
recombinant pBYR2eK plasmids with variant RBD-Fc are shown in Figure 4. List of
primers used in the study for the generation of variant RBD-Fc constructs are provided

in Table 4.

Table 4 List of primers used in the study for the generation of variant RBD-Fc
constructs. The underlined sequence showed the mutated region/sites.

Primer Name Sequence (5’—3’)

Xbal -SP-F CCTCTAGAACAATGGGCTGG

BamHI-2XGGGGES-F | GGATCCGGAGGTGGAGGTTCTGGAGGTGGAGGTTCACCACCATGTCCAGCTCCAG

FC-KDEL- Sacl-R GAGCTCTTAAAGCTCATCCTTCTCAGACT TGCCAGGGGACAAAGAAAGG

D614G-R GGATCCACCACCACCAGAGATATCGCAGTTCACACCCTGGTAAAGAACTGCCACC
K417T-F CCTGGTCAGACCGGAACCATCGCTGACTACAAC

K417T-R GTTGTAGTCAGCGATGGTTCCGGTCTGACCAGG

L452R-F GCAATTACAACTACCGCTACCGGCTGTTCCGGAAG

L452R-R CTTCCGGAACAGCCGGTAGCGGTAGTTGTAATTGC

Ta78K-F CTATCAGGCTGGTTCTAAGCCTTGCAACGGTGTT

T478K-R AACACCGTTGCAAGGCTTAGAACCAGCCTGATAG

E484Q-F CCCCTTGCAACGGTGTTCAGGGTTTCAACTGCTAC

E484Q-R GTAGCAGTTGAAACCLCTGAACACCGTTGCAAGGGG
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Figure 5 Schematic representation of geminiviral vector (pBYR2eK) T-DNA region of
SARS-CoV-2 RBD-Fc and variant RBD-Fc fusion protein.

This vector was used for expression in N. benthamiana with gene of interest (GOI) (A).

Illustration image of the SARS-CoV-2 RBD-Fc and variant RBD-Fc fusion proteins with

the predicted mutation sites compared to the RBD of original strain (Wuhan) was

indicated (B).

3.2 Genetic transformation into Agrobacterium tumefaciens

The recombinant SARS-CoV-2 RBD-Fc and variant RBD-Fc plasmids were

transformed into A. tumefaciens GV3101 competent cells by electroporation by

MicroPulser (Bio-Rad, USA). The transformed A. tumefaciens cells were spread on an

LB RGK agar plate, containing 50 pg/mL kanamycin, 50 pg/mL rifampicin (Thermo

Fischer Scientific, USA), and 50 pg/mL gentamicin (ITW Reagents, Germany), and
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incubated at 28 °C for 24-48 h. The colonies on the plates were selected and verified
by colony PCR for confirming the successful gene insertion. After that, the confirmed
colonies were cultured at 28 °C for overnight in 5 mL LB RGK broth on the shaker at
250 rpm. Then, the bacteria were inoculated into 1:100 fresh LB RGK medium and
propagated at 28 °C for overnight on the shaker at 250 rpm for plant infiltration.

3.3 Transient expression of recombinant proteins in Nicotiana

benthamiana

Wild-type N. benthamiana plants were grown from seeds in the plant room
with 28 °C and 16:8 light cycle for 4-5 weeks old. The healthy plants were used for
Agrobacterium infiltration.

The cultured Agrobacteria was collected by centrifugation at 4,000 x¢ for 15
minutes at 4 °C. The cells were resuspended and diluted in the infiltration buffer, (10
mM 2-(N-morpholino)ethanesulfonic acid (MES) and 10 mM MgSO,4, pH 5.5, at the
optimal density at 600 nm (ODgy) of 0.2 - 0.4 for infiltration. In the preliminary
expression, the leaves were equally separated and infiltrated with Agrobacteria
solution via., syringe without a needle. For large-scale expression, the plants were
infiltrated under vacuum condition by dipping the plant leaves in the Agrobacteria
solution. Infiltrated leaves were harvested 2-6 days post infiltration (dpi) depending on
the signal. After the infiltrated leaves have a signal, the leaves were harvested for the

extraction or stored at -80°C for the long term.

3.4 Purification of recombinant proteins

The infiltrated leaves were minced in extraction buffer 1XPBS (phosphate-
buffered saline; 137 mM NaCl, 2.68 mM KCl, 10.1 mM Na,HPOyq, 1.76 mM KH,PO,, pH
7.4) using blender. After that, the minced solution was centrifuged at 12,000 x¢ at 4 °C
for 1 hour. The supernatant was filtered using 0.45 um membrane filters (Merck,
Ireland) before purifying by protein A affinity chromatography (GE Healthcare, USA) as
previously described (183). Briefly, the filtered solution was loaded into the gravity

flow column containing protein A beads. Then, the beads were washed with 10 column
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volume of 1XPBS pH 7.4. After that, the recombinant protein was eluted by 0.1 M
glycine buffer pH 2 — 3 and immediately neutralized by 1.5 M Tris- HCl pH 8.8. The
eluted protein was concentrated and buffer exchanged with 1XPBS by Amicon®
ultracentrifugal filter (Merck, USA). The purified RBD-Fc protein was filtered by 0.22 pm
polyethersulfone (PES) syringe filter (Merck, USA) and stored at -80 °C for further

studies.

3.5 Protein characterization

The purified SARS-CoV-2 RBD-Fc and variant RBD-Fc proteins were analyzed
both in reducing and non-reducing conditions by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and confirmed by western blotting with
goat anti-human IgG-HRP (Southern Biotech, USA), and anti-SARS-CoV-2 RBD conjugated
HRP (Sino Biological, China). Briefly, the purified RBD-Fc was loaded into gradient 5-12
% SDS-polyacrylamide gel by using Mini-PROTEAN® Tetra system (Bio-rad, USA). The
gel was stained by InstantBlue® coomassie protein stain (Abcam, UK). For western
blotting, the gel was transferred to nitrocellulose membrane (Bio-rad, USA). Then, the
transferred membrane was blocked with 5% w/v skim milk (BD Difco, USA) in 1XPBS.
The membrane was probed with 1:10,000 of anti-human IgG-HRP or 1:4,000 of anti-
SARS-CoV-2 RBD conjugated HRP diluted in 3% w/v skim milk in 1XPBS. The membrane
was washed by 1XPBST (1XPBS plus 0.05% Tween-20) three times between each step.
After that, the membrane was developed by enhanced chemiluminescent (ECL)
(Promega, USA) following manufacturer’s instruction.

The concentration of each recombinant RBD-Fc was determined by direct ELISA
with anti-human 1gG-HRP detection and human 1gG (Abcam, UK) as standard as
previously described (163). Briefly, high binding 96-well plate (Greiner Bio-one, Austria)
was coated with two-fold serial dilution of human IgG standard from 1000 ng/mL to
31.25 ng/mL or RBD-Fc with estimate dilutions and incubated at 4 °C for overnight.
Then, plate was blocked with 5% w/v in 1XPBS and incubated at 37 °C for 3 hours.
After that, 1:2,000 of anti-human IgG-HRP in 1XPBS was added and incubated at 37 °C

for 1 hour. The plate was washed by 1XPBST three times between each step. Then,
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TMB solution (Promega, US) was added as substrate of colorimetric reaction. Finally,
IM H,SO,4 was added to stop the reaction. The absorbance at 450 nm (Agso) was
measured using SpectraMax® M3 Microplate Reader (Molecular Devices, USA) and

calculated the concentration of recombinant RBD-Fc with human IgG standard curve.

3.6 Vaccine formulation

The dose of 10 pg purified plant-produced SARS-CoV-2 RBD-Fc and variant RBD-
Fc formulated with 0.5 mg/dose of aluminum (Al) content of Alhydrogel® adjuvant 2%
(InvivoGen, France), aluminum hydroxide (alum), containing 5% w/v sucrose (Merck,
Germany) and 3% w/v glycine (Vivantis technologies, Malaysia) as excipients in 1XPBS
pH 7.0-7.2 (HyClone™, USA). The alum containing excipients in 1XPBS without plant-
produced RBD-Fc was used as control. A total volume of 0.5 ml was injected

intramuscularly in the quadricep femoris muscle of monkeys.

3.7 Monkey immunization

The monkey immunization studies were performed in the National Primate
Research Center of Thailand-Chulalongkorn  University (NPRCT-CU;  AAALAC
International Accredited facility). The cynomolgus monkeys (Macaca fascicularis)
originated from Thailand was supplied by the NPRCT-CU breeding facility. The specific
pathogen free (SPF) animals free from tuberculosis, B virus, SRV, SIV, STLV and SARS-
CoV-2 was used. The anesthesia was used during vaccine administration and blood
collection. The animal use and the experimental procedures have been approved by
the NPRCT-CU Animal Care and Use Committee (Protocol review no. 2075015, 2175005,
and 2175007).

In plant-produced SARS-CoV-2 RBD-Fc vaccine, ten female monkeys were
randomly divided into two groups (n=5). The 10-ug dose of plant-produced RBD-Fc
vaccine and control groups were intramuscularly injected with 0.5 mL dose of either
vaccine or adjuvant alone on days 0, 21 and 133 for investigating the 2"%-booster dose

efficacy (Figure 5A). The blood samples were collected on day 0 (before the first
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injection) and day 133 (before the third injection), and day 14, 35, and 147 (14 days
after each immunization).

In plant-produced variant (Alpha, Beta, Gamma, Kappa, Delta, and Epsilon) RBD-
Fc vaccines, thirty-three male and female monkeys were randomly divided into seven
groups. The 10-ug dose of plant-produced variant RBD-Fc vaccines (n=5) and control
groups (n=3) were intramuscularly injected with 0.5 mL dose of vaccines or adjuvant
alone on days 0, 21 and 42 for investigating the efficacy of variant vaccines (Figure 5B).
The blood samples were collected on day 0 (before the first injection), and day 14,
35, and 56 (14 days after each immunization).

The immunized monkey sera were used to assess the RBD-specific antibody

titer, live virus neutralizing antibody, and for pseudovirus neutralization antibody titers.
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Figure 6 The immunization and blood collection schedules of plant-produced
variant RBD-Fc vaccines in monkeys.
The 10 monkeys were separated into Baiya SARS-CoV-2 Vax 1 and control, n=5, and
immunized on day 0, 21, and 133 (A). The 33 monkeys were separated into 7 groups,
variant RBD-Fc vaccines, n=5, and control, n=3, and immunized on day 0, 21, and 35

(B). Blood was collected on day 0 and every 14 days after immunization.
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3.8 RBD-specific total IgG titer by ELISA

SARS-CoV-2 spike RBD-His protein (Cat. No. Z03479; GenScript, USA) at 2 pg/mL
50 pl/well (100 ng/well) was coated on high binding 96-well plate (Greiner Bio-One,
Austria) and incubated for overnight at 4°C. Subsequently, the wells were blocked with
200 pL 5% w/v skim milk in 1XPBS pH 7.4 for 2 hours at 37°C. Then, the monkey sera
were prediluted by starting at 1:100 with 2-fold serial dilutions in 1XPBS. The diluted
sera were loaded in each well as duplicates and incubated for 2 hours at 37°C. After
that, 1:2,000 of goat anti-monkey IgG HRP conjugated (Abcam, UK) in 1XPBS was added
and incubated for 2 hours at 37°C. TMB was added as a substrate for detection to the
plates, and then 1M H,SO4 was added to stop the reactions. The absorbance at 450
nm (Ags0) was measured by microplate reader. The plates were washed three times by
IXPBST between each step. The endpoint titers were determined as the highest
dilution of immunized sera, which has Ags, more than the cut-off value calculated from
Ayso of pre-immunized sera (Day 0) at 1:100 dilution as previous described (184). The
data were plotted as a geometric mean titer (GMT) with + 95% confidence interval (Cl)
by GraphPad Prism software version 9.0 (GraphPad Software, USA). Statistical
significance was calculated by two-way analysis of variance (ANOVA). The p-value <

0.05 considered statistically significant.

3.9 Live-virus microneutralization

Microneutralization assay was performed in 96-well microplates containing
confluent Vero E6 cell line and live SARS-CoV-2 viruses isolated from a COVID-19
patient as shown in Table 5. The experiment was conducted in a certified biosafety
level (BSL) 3 facility of Microbiology Department, Faculty of Science, Mahidol
University, Thailand, as previously described (163, 185).



31

Table 5 List of strain and isolate of live SARS-CoV-2 viruses used in the

microneutralization assay.

Strain name Isolate name Provided from
N SARS-CoV-2/human/ Bamrasnaradura Infectious Diseases Institute,
Wuhan
THA/LJO7 _P3/2020 Nonthaburi, Thailand.
Ramathibodi Chakri
Alpha SARS-CoV-2/human/
Naruebodindra Hospital, (Chakri Naruebodindra
(B.1.1.7) THA/NH657 P3/2021
Medical Institute), Samut Prakan, Thailand
Division of Genomic Medicine and Innovation
Beta SARS-CoV-2/human/
Support, Department of Medical Sciences,
(B.1.351) THA/NHO088 P3/2021
Ministry of Public Health, Nonthaburi, Thailand
Ramathibodi Chakri
Delta SARS-CoV2/human/

Naruebodindra Hospital, (Chakri Naruebodindra
(B.1.617.2) THA/OTVO07_P3/2021
Medical Institute), Samut Prakan, Thailand

Briefly, immunized monkey sera and the convalescent serum from COVID-19
patients (positive control) was heat-inactivated at 56°C for 30 minutes. Two-fold serial
dilution of sera was mixed with 100 of 50% tissue culture infective dose (TCIDs,) of
SARS-CoV-2 variant in Dulbecco's Modified Eagle Medium (DMEM) at 37°C for 1 hour.
Each sample was prepared in duplicates. The control virus and cell wells were
included in each plate. Next, Vero cell monolayer wells were added by the mixture
and incubated at 37°C for 2 days. Then, the cells were washed with 1XPBS, fixed, and
permeabilized with cold fixative solution (1:1 methanol/acetone) at 4°C for 20 minutes.
The plates were washed three times with 1XPBST and blocked with 2% BSA at room
temperature (RT) for 1 hour. The 1:5,000 of anti-SARS-CoV/SARS-CoV-2 nucleocapsid
(N) monoclonal antibody (Sino Biological, China) in 1XPBS was added as a primary
antibody for detecting viral infection and incubated at 37°C for 1 hour. Then, 1:2,000
of goat anti-rabbit polyclonal antibodies conjugated HRP (Dako, Denmark) in 1XPBS
was added as a secondary antibody and incubated at 37°C for 1 hour. The TMB
substrate (KPL Sureblue™ TMB, SeraCare, USA) was added followed by IN HCl was
added to stop the reaction. The Agso was measured using a Sunrise™ microplate reader

(Tecan, Mannedorf, Switzerland). The AA;s, of samples was equated to the 50% of the
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cut point value, which was calculated as previously mentioned (186). The data was
presented as GMT + 95% Cl by GraphPad Prism software version 9.0. Statistical
significance was calculated by two-way analysis of variance (ANOVA). The p-value <

0.05 considered statistically significant.

3.10 Psudovirus neutralization

Pseudovirus neutralization will be performed at Virology and Cell Technology
Laboratory, National Center for Genetic Engineering and Biotechnology (BIOTEQ),
Thailand.

Lentiviral pseudoviruses presenting CoV spike was constructed as previously
mentioned (187) with some changes. Briefly, the mixture of plasmids including pCSFLW
(provided by Dr. Nigel Temperton); the lentivirus backbone expressing a firefly
luciferase reporter gene, pCMVAR8.91; the expression plasmid expressing HIV-1
structural/regulatory proteins, and pCAGGS; the expression plasmid expressing the
codon-optimized spike genes (Wuhan, Alpha, Beta, Gamma, and Delta variants) will be
used to produce pseudoviruses. Then, HEK293T/17 producer cells were seeded in 6-
well plates at 7.5x10°/well for 24 hours After that, the cells were transfected with the
600 ng pCMVAR8.91, 600 ng pCSFLW, and 500 ng of pCAGGS-Spike, in OptiMEM (Gibco,
USA) containing 10 pL of polyethyleneimine (PEI). The transfected cells were incubated
at 37 °C, 5% CO, for 12 hours. Next, the cells were washed and cultured in DMEM
containing 10% fetal bovine serum (FBS) (DMEM-10%). After 72 hours of transfection,
the supernatants of pooled harvests containing pseudoviruses were collected by
centrifuged at 1,500 x ¢ for 10 minutes at 4°C to eliminate the cellular debris, and
stored at -80 °C.

For pseudovirus titrations, HEK 293T/17-ACE2 cells were transfected with the
expression plasmid encoding for human TMPRSS2 using Fugene HD (Promega, USA).
After 24 hours of transfection, the supernatants were changed by DMEM-10%. Then,
the transfected cells were used as pseudovirus infection targets. The mixtures
containing pseudoviruses were serially two-fold diluted in a DMEM and loaded into 96-

well plate. Next, HEK 293T/17-ACE2 expressing TMPRSS2 cells were added to each well
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at 1x10* cells/well and incubated for 72 hours. Subsequently, the luminescence of
cell cultures was evaluated in Relative Luminescence Units (RLUs) by Synergy Plate
Reader luminometry (Agilent, USA) using the Bright-Glo™ Luciferase Assay System
(Promega, Italy). will be evaluated

In the neutralizing activity measurement, the sample sera were heat-inactivated
and prepared serially 2-fold dilution in high glucose DMEM. The sera were preincubated
with pseudoviruses presenting spike variant of interest (1x10° RLU/well) in a 1:1 v/v
ratio in a 96-well plate and incubated for 1 hour at 37 °C. Then, HEK293T-ACE-2
expressing human TMPRSS2 (2x10° cell/mL) cell suspensions were combined with the
pre-inucubated serum-pseudovirus. After that, the mixture will be added into each
well of CulturPlate™ Microplates (PerkinElmer, USA) and incubated at 37 °C for 48
hours. The neutralizing antibodies were evaluated by luciferase activity as previously
described (188). The data was presented as GMT + 95% Cl by GraphPad Prism software
version 9.0. Statistical significance was calculated by two-way analysis of variance

(ANOVA). The p-value < 0.05 was considered statistically significant.
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CHAPTER IV RESULTS

1. Construction of recombinant variant RBD-Fc gene construct

Previously, recombinant pBYR2eK vectors containing Wuhan RBD-Fc, Alpha
RBD-Fc, and Beta RBD-Fc were cloned as previously described (163, 183). These
recombinant vectors were confirmed by cleaved at Xbal and Sacl sites (Figure 6) before

being used as templates for generation of other variant RBD genes.

M 1 2 3

10.0 kb

2.5 kb
2.0 kb
1.5 kb

1.0 kb

Figure 7 The confirmation of restriction enzyme cleavage of pBYR2eK Wuhan RBD-Fc,
Alpha RBD-Fc, and Beta RBD-Fc constructs.

The recombinant pBYR2eK vectors were cleaved by Xbal and Sacl enzymes. Lane M:

VC 1kb DNA Ladder; Lane 1: Wuhan-RBD-Fc; Lane 2: Aloha-RBD-Fc; Lane 3: Beta-RBD-

Fc. Arrow mark indicated the expected band.

Then, the variant RBD genes were constructed by PCR site-directed
mutagenesis. In the first step (Figure 7A), pBYR2eK Beta RBD-Fc was used as the
template with K417T replacement by using Xbal-SP-F/K417T-R primers to generate left-
handed (400 bp) and K417T-F/D614G-R primers to generate right-handed (682 bp)
Gamma RBD gene. Next, pBYR2eK Wuhan RBD-Fc was used as the template with L452R
and D614G replacements by using SP-F/L452R-R to generate left-handed (508 bp) and
L452R-F/D614G-R primers to generate right-handed the Epsilon RBD (536 bp). After that,
the Epsilon RBD gene was used as the template with E484Q replacement with SP-
F/E484Q-R to generate left-handed (601 bp) and E484Q-F/D614G-R primers to generate
right-handed Kappa RBD (443 bp), and with T478K replacement with SP-F/T478K-R to
generate left-handed (583 bp) and T478K-F/D614G-R primers to generate right-handed
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Delta RBD (460 bp). Subsequently, each left-handed and right-handed fragments of

each variant RBD were annealed by PCR and the expected products were observed at

1,010 bp (Figure 7B).
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Figure 8 Site-directed mutagenesis of Gamma RBD, Epsilon RBD, Kappa RBD, and

Delta RBD constructs by PCR.

Mutagenesis step of RBD genes were amplified by specific primer pairs (A). Lane M: VC

1kb DNA Ladder;

Lane 1: Left-handed Gamma RBD; Lane 2: Right-handed Gamma

RBD; Lane 3: Left-handed Epsilon RBD Lane 4: Right-handed Epsilon RBD; Lane 5: Left-
handed Kappa RBD Lane 6: Right-handed Kappa RBD; Lane 7: Left-handed Delta RBD

Lane 8: Right-handed Delta RBD. The annealing step of RBD genes were annealed and

amplified by Xbal-SP-F/D614G-R primers (B). Lane M: VC 1kb DNA Ladder; Lane 1:
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Gamma RBD; Lane 2: Epsilon RBD; Lane 3: Kappa RBD; Lane 4: Delta RBD. Arrow mark
indicated the expected band.

Then, variant RBD genes were purified from agarose gel and ligated into pGem®-
T Easy vector (Promega, USA). After that, E. coli strain DH10B competent cell was
transformed with each ligation mixture of variant RBD gene by heat-shock and was
screened by blue-white colony screening technique. The white colonies were
amplified by PCR with Xbal-SP-F/D614G-R primers and the expected products were
observed at around 1,010 bp (Figure 8).

M
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1.0 kb -

0.5 kb

Fieure 9 Screening of E. coli transformed recombinant pGEM®-T Easy Gamma RBD,
Epsilon RBD, Kappa RBD, and Delta RBD constructs by PCR.
The transformed E. coli DH10B were amplified by Xbal-SP-F/D614G-R primers. Lane M:
VC 1kb DNA Ladder; Lane 1: Gamma RBD; Lane 2: Epsilon RBD; Lane 3: Kappa RBD;
Lane 4: Delta RBD. Arrow indicated the expected band.

The selected E. coli colonies containing the variant RBD gene were cultured
and the plasmids were isolated. Then, the recombinant pGEM®-T Easy variant RBD
genes, 2XGGGGS-Fc, and pBYR2eK vector were cleaved at Xbal-BamHI, BamHI-Sacl,
and Xbal-Sacl sites, respectively (Figure 9). The expected bands were eluted from the

gel and purified.
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Figure 10 The restriction enzyme cleavage of recombinant pGEM®-T Easy-Gamma
RBD, Epsilon RBD, Kappa RBD, Delta RBD, and 2XGGGGS-Fc, and pBYRZeK.
The recombinant pGEM®—T Easy variant RBD, 2XGGGGS-Fc, and pBYR2eK were cleaved
by Xbal-BamHI, BamHI-Sacl, and Xbal-Sacl, respectively. Lane M: VC 1kb DNA Ladder;
Lane 1: Gamma RBD; Lane 2: Epsilon RBD; Lane 3: Kappa RBD; Lane 4: Delta RBD;
Lane 5: 2XGGGGS-Fc¢; Lane 6: pBYR2eK vector. Arrow mark indicated the expected
band.

Then, the cleaved variant RBD, linker-Fc, and pBYR2eK were ligated with T4
DNA ligase overnight. After that, £. coli DH10B competent cell was transformed with
each ligation mixture and was cultured in kanamycin selective LB agar. The positive
colonies were screened by PCR with Xbal-SP-F/FC-KDEL-Sacl-R primers and the

expected band was observed around 1,730 bp (Figure 10).



38

2.0 kb
1.5kb —

l.kbi H I i

0.5 kb —
Figure 11 Screening of E. coli colony transformed with recombinant pBYR2eK Gamma

RBD-Fc, Epsilon RBD-Fc, Kappa RBD-Fc, and Delta RBD-Fc constructs by PCR.
The transformed E. coli DH10B were amplified by Xbal-SP-F/FC-KDEL-Sacl-R primers.
Lane M: VC 1kb DNA Ladder; Lane 1: Gamma RBD-Fc; Lane 2: Epsilon RBD-Fc; Lane 3:
Kappa RBD-Fc; Lane 4: Delta RBD-Fc. Arrow mark indicated the expected band.

The positive variant RBD-Fc colonies were further cultured in kanamycin LB
broth and then recombinant vectors were isolated. The recombinant pBYR2eK vectors
were confirmed by cleaved at Xbal and Sacl enzymes with the expected size 1,726 bp

of variant RBD-Fc genes and 12,446 bp of pBYR2eK vector (Figure 11).
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Figure 12 The confirmation of restriction enzyme cleavage of recombinant pBYR2eK
Gamma RBD-Fc, Epsilon RBD-Fc, Kappa RBD-Fc, and Delta RBD-Fc.
The recombinant pBYRZeK variant RBD-Fc were cleaved by Xbal-Sacl. Lane M: VC 1kb
DNA Ladder; Lane 1: Gamma RBD-Fc; Lane 2: Epsilon RBD-Fc; Lane 3: Kappa RBD-Fc;
Lane 4: Delta RBD-Fc. Arrow mark indicated the expected band.
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The confirmed recombinant pBYR2eK variant RBD-Fc vectors were transformed
into A. tumefaciens strain GV3101 via., electroporation. Next, the transformed A.
tumefaciens was cultured in a selective LB RGK agar plate. The positive colonies were
screened by colony PCR with Xbal-SP-F/FC-KDEL-Sacl-R primers (Figure 12). The
recombinant A. tumefaciens containing pBYR2eK variant RBD-Fc were used for

expressing recombinant RBD-Fc proteins in N. benthamina.
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Figure 13 Screening of A. tumefaciens transformed with recombinant pBYR2eK RBD-

2.5kb
2.0kb —
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1.0 kb —|

Fc constructs by PCR.
The transformed A. tumefaciens GV3101 were amplified by Xbal-SP-F/FC-KDEL-Sacl-R
primers. Lane M: VC 1kb DNA Ladder; Lane 1: Wuhan RBD-Fc; Lane 2: Aloha RBD-Fc;
Lane 3: Beta RBD-Fc; Lane 4: Gamma RBD-Fc; Lane 5: Epsilon RBD-Fc; Lane 6: Kappa
RBD-Fc; Lane 7: Delta RBD-Fc. Arrow indicated the expected band.

2. Expression of RBD-Fc proteins in N. benthamiana

N. benthamiana plants (4-5 weeks old) were used to express the recombinant
variant RBD-Fc proteins. In the preliminary expression analysis, A. tumefaciens
transformed recombinant pBYR2eK RBD-Fc was cultured in LB RGK broth overnight.
After that, bacterial cells were collected by centrifugation and resuspended in

infiltration buffer (10 mM MES, 10 mM MgSO4, pH 5.5) at ODgqo of 0.3-0.4. The plant
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leaf was infiltrated by each Agrobacterium clone of variant RBD-Fc solution. After 3
dpi, the infiltrated leaf was harvested and extracted the crude extract for confirming
the expression by western blot with goat anti-human IgG-HRP, specific to the Fc region.
The crude extract from each clone of variant RBD-Fc was successfully expressed in N.
benthamiana with the major band around 150 kDa under non-reducing conditions was

observed, but not found any signal from wild type leaf (Figure 13).
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Figure 14 Confirmation preliminary expression of variant RBD-Fc proteins expressed
from N. benthamiana by western blot.
The crude extraction of infiltrated leaves of variant RBD-Fc proteins were detected by
goat anti-human I1¢G-HRP under non-reducing condition. Lane M: All Blue Prestained
Protein Standard; Lane 1: Wuhan RBD-Fc; Lane 2: Aloha RBD-Fc; Lane 3: Beta RBD-Fc;
Lane 4: Gamma RBD-Fc; Lane 5: Kappa RBD-Fc; Lane 6: Delta RBD-Fc; Lane 7: Epsilon
RBD-Fc; Lane 8: Wild-type. Arrow mark indicated the expected band.

Further, each variant RBD-Fc clone was optimized for the highest expression
level in each timepoint 3-5 dpi, based on the signal on the leaf or necrosis sign. After
that, the infiltrated leaves were extracted for crude, and then, detected the expression
by western blot with goat anti-human IgG-HRP. The recombinant variant RBD-Fc
proteins demonstrated the highest expression level on 3 dpi, except Wuhan RBD-Fc

which showed the highest expression level on 4 dpi (Figure 14)
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Figure 15 Day-optimized expression of variant RBD-Fc proteins expressed from N.
benthamiana by western blot.
The crude extraction of infiltrated leaves of Wuhan RBD-Fc (A), Aloha RBD-Fc (B), Beta
RBD-Fc (C), Gamma RBD-Fc (D), Kappa RBD-Fc (E), Delta RBD-Fc (F), and Epsilon RBD-
Fc (G) were detected by g¢oat anti-human l¢G-HRP under reducing condition. Lane M:
All Blue Prestained Protein Standards; Lane D3: 3 dpi; Lane D4: 4 dpi; Lane D5: 5 dpi.

Arrow mark indicated the expected band.

For large-scale expression, 20-30 plants were used for expressing each
recombinant variant RBD-Fc proteins by agroinfiltration under vacuum conditions. After
3 or 4 dpi, the leaves were harvested with an estimated yield of around 40-60 g fresh
weight and purified by protein A chromatography. All variant RBD-Fc proteins were
successfully purified and demonstrated the major band around 150 kDa in an eluted

fraction under non-reducing conditions by SDS-PAGE (Figure 15).
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Figure 16 Purification profile of variant RBD-Fc proteins expressed from N.
benthamiana by SDS-PAGE.
The crude extraction of Wuhan RBD-Fc (A), Aloha RBD-Fc (B), Beta RBD-Fc (C), Gamma
RBD-Fc (D), Kappa RBD-Fc (E), Delta RBD-Fc (F), and Epsilon RBD-Fc (G) were purified
by protein A chromatography and analyzed by SDS-PAGE under non-reducing
condition. Lane M: All Blue Prestained Protein Standards; Lane C: Crude fraction; Lane
F: Flow-through fraction; Lane W: Washed fraction; Lane E: Eluted fraction. Arrow mark

indicated the expected band.
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Next, the purified RBD-Fc proteins were concentrated and exchanged buffer
with 1XPBS (Hyclone) by a centrifugal filter. After that, all recombinant variants RBD-Fc
were filtered by 0.22 um PES syringe filter. Then, the concentration of all proteins were
measured by direct ELISA. The final concentration of Wuhan RBD-Fc, Alpha RBD-Fc,
Beta RBD-Fc, Gamma RBD-Fc, Kappa RBD-Fc, Delta RBD-Fc, and Epsilon RBD-Fc were
2.0, 1.9, 20, 1.8, 2.1, 2.0, and 1.4 mg/mL, respectively, with yield 25.3, 23.8, 23.3, 21.9,
26.4, 28.0, and 20.0 pg/g fresh weight, respectively (Appendix D). Furthermore, the
purified variant RBD-Fc proteins were characterized by SDS-PAGE and western blot. The
results as presented in Figure 16 showed that all variants RBD-Fc were demonstrated
the major around 150 kDa and 75 kDa under non-reducing and reducing conditions,
respectively. Moreover, the western blot result of variants RBD-Fc also revealed the
major around 150 kDa under non-reducing conditions in both detected with anti-

human IgG-HRP and anti-SARS-CoV-2 RBD conjugated HRP.
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Figure 17 The purified variant RBD-Fc proteins expressed from N. benthamiana.
The purified Wuhan RBD-Fc (A), Aloha RBD-Fc (B), Beta RBD-Fc (C), Gamma RBD-Fc (D),
Kappa RBD-Fc (E), Delta RBD-Fc (F), and Epsilon RBD-Fc (G) were analyzed by SDS-
PAGE under non-reducing condlition (A) and reducing-condition (B), and confirmed by
western blot detected by goat anti-human 1¢G-HRP (C) and anti-SARS-CoV-2 RBD

conjugated HRP (D) under non-reducing condition. Lane M: All Blue Prestained Protein
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Standard; Lane 1: Wuhan RBD-Fc; Lane 2: Alpha RBD-Fc; Lane 3: Beta RBD-Fc; Lane 4:
Gamma RBD-Fc; Lane 5: Kappa RBD-Fc; Lane 6: Delta RBD-Fc; Lane 7: Epsilon RBD-Fc.

Arrow mark indicated the expected band.

3. Immunogenicity study of plant-produced variant RBD=Fc vaccines in monkeys

3.1 Baiya SARS-CoV-2 Vax 1 vaccine with 3 immunizations

For the immunization study in monkeys, the 10-ug dose of purified plant-
produced Wuhan RBD-Fc was formulated with alum adjuvant and excipients, called
Baiya SARS-CoV-2 Vax 1. Ten female monkeys were divided into vaccine and control
groups (n=5). Monkeys were intramuscularly injected on Day 0, 21 as prime-boost (3-
week interval) and another booster dose on Day 133 (16-week interval). Blood was
collected before the first and third immunization and 14-day after each immunization
(day 14, 35, 133, and 147) as shown in Figure 5A. After that, the sera from timepoints
were analyzed for both anti-RBD and neutralizing antibodies response after

immunizations.

As shown in Figure 17A, Baiya SARS-CoV-2 Vax 1 vaccine elicited a high anti-RBD
total IgG titer after the second immunization on day 35 with geometric mean titer
(GMT) = 11,143, which was significantly (p-value < 0.0001) higher than the titer on day
0 (GMT = 152). Then, the IgG titer was dropped to GMT = 1,600 after 16 weeks later
(day 133). After the third immunization (day 147), the IgG titer of the vaccine group was
regained to GMT = 11,143, which was significantly (p-value < 0.0001) higher than the

titer on Day 0.

Furthermore, microneutralizing titer (MNs, titer) was assessed using the
immunized monkey sera as shown in Figure 17B. The neutralizing titer against the
Wuhan live virus was elicited after the second immunization on day 35 with GMT =
3,378, which was significantly (p-value < 0.0001) higher than the titer on day 0 (GMT =
10). After 16-week later (Day 133), the neutralizing titer of the vaccine group was
decreased to GMT = 320. Then, the neutralizing titer was induced to GMT = 1,940 after
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14 days after the third immunization on Day 147, which was significantly (p-value <

0.05) higher than the titer on day 0.
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Figure 18 Immunogenicity of Baiya-SARS-CoV-2 Vax 1 in monkeys
Anti-RBD 1gG (A) and 50% microneutralizing (MNsg) titers (B) were measured from
immunized monkey sera. Data were plotted as GMT+95%Cl, n = 5. Two-way ANOVA,

Dunnett's test was used (*: p < 0.05, ****: p < 0.0001). Arrows indicated immunization

times. LOD: limit of detection. PS: positive serum.

Moreover, the neutralizing antibodies against former VOCs also were
investicated via., pseudovirus presenting SARS-CoV-2 variant Spike proteins
neutralization (PVNTsp). In Baiya SARS-CoV-2 Vax 1 group, the neutralizing titers against
SARS-CoV-2 variants were measurably elicited after the second immunization on day
35 (Figure 18). The neutralizing titers against both Wuhan (GMT = 4,937) and Alpha
(GMT = 4,965) variants on day 35 were significantly higher than titers on day 14 (GMT
= 3 for Wuhan, and 2 for Alpha) with p-value < 0.0001. On day 147, the PVNT5, against
Wuhan (GMT = 2,953) and Alpha (GMT = 4,197) were also significantly higher than the
titers on day 14 with p-value < 0.001, but not in the titers on day 133 (GMT = 376 for
Wuhan, and 159 for Alpha). On the other hand, only the PVNT5, against Beta (GMT
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=2,464) and Gamma (GMT = 1,852) on day 147 were significantly higher than the titers
on day 14 with p-value < 0.01 and < 05, respectively, but not in the titers on day 35
(GMT = 343 for Beta, and 392 for Gamma) and 133 (GMT = 80 for Beta, and 83 for
Gamma). Moreover, the PVNTs, against Delta strain on day 35 (GMT =2,217) and 147
(GMT = 2,805) were significantly higher than the titer on day 14 (GMT = 38) with p-
value < 0.01 and < 0001, respectively, but not in the titer on Day 133 (GMT = 132).
Furthermore, the PVNT5, against Omicron subvariants on day 147 were examined
(Figure 18B). The result showed that the PVNT5, against BA.1 (GMT = 484) and BA.2
(GMT = 396) variants were 6.1- and 7.5-fold decreased when compared with the Wuhan

strain, respectively.



PVNTs,

105

104

103

PVNTs,

102

101

10

a8

— Control
3 Baiya SARS-CoV-2 Vax 1
105 Fodk sk
fHEE b i * *kokk
104 % E %
103
102 o o
10!
100 —
+ W e > T W
- e e * = e
T o S .
FEzzEEig
a a a
L ¥ 4
Wuhan Alpha
Pseudovirus
After 3"-immunization
After 2™-immunization Day 147
Day 35 5 7.5-fold reduction
10° I .
6.1-fold reduction
-@- 211
- 104
¢ g bl S o 2
@ e 2 10 A 23
\Gﬁ = o 2/4
a>. 102 & 25
) 1)
10!
10

1 1 1 1 1
Wuhan Alpha Beta Gamma Delta

Pseudovirus

o~ > > > 2 AY )
QX“\\% o R 0‘)«\(“ o od oM

2\ N
0‘6“‘0 S

Pseudovirus

Figure 19 Neutralizing activity against SARS-CoV-2 variants of Baiya-SARS-CoV-2 Vax 1

immunized monkey sera

The 50% pseudovirus neutralizing titer (PVNTsy) against SARS-CoV-2 variants was

measured from immunized monkey sera. Data were plotted as GMT+95%Cl, n = 5.

Two-way ANOVA, Dunnett's test was used (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****:

p < 0.0001) (A). The PVNTs, of vaccine group (No. 2/1-5) on day 35 and 147 were

individually plotted (B).
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3.2 Variant RBD-Fc vaccines with three immunizations

In the immunization study of variant RBD-Fc vaccines, the 10-pg dose of purified
plant-produced Alpha, Beta, Gamma, Kappa, Delta, and Epsilon RBD-Fc proteins were
adjuvanted with alum. Male and female monkeys were randomly separated into each
variant vaccine group (n=5) and control group (n=3). Monkeys were intramuscularly
injected on day 0, 21, and 42 (3-week intervals). Blood was collected before the first
immunization and 14-day after each immunization (day 0, 14, 35, and 56) as shown in
Figure 5B. Then, the immunized sera from timepoints were analyzed for both anti-RBD

and neutralizing antibody responses.

In anti-RBD 1gG response (Figure 19), Alpha (GMT = 174), Gamma (GMT = 115),
Delta (GMT = 459), and Epsilon RBD-Fc (GMT = 1,213) vaccines induced the detectable
titers after first immunization (day 14). Then, the antibody titer of Kappa RBD-Fc group
(GMT = 16,890) was significantly higher than Alpha (GMT = 5,572), Beta (GMT = 4,222),
and Gamma RBD-Fc (GMT = 3,805) vaccines with p-value < 0.05, and control group
(GMT = 100) with p-value < 0.01, except Delta (GMT = 29,407) and Epsilon RBD-Fc (GMT
= 12,800) vaccines. Moreover, the antibody titer of the Delta vaccine was significantly
higher than Alpha, Beta, Gamma, and Epsilon vaccines and control groups with p-value
< 0.0001, and Kappa group with p-value < 0.05. After the third immunization on day
56, the antibody titers of Delta and Epsilon vaccine groups, both GMT = 22,286, were
significantly higher than the Beta RBD-Fc vaccine (GMT = 6,400) with p-value < 0.001,
Gamma (GMT = 9,051) and Kappa (GMT = 11,143) groups with p-value < 0.05, and
control groups (GMT = 100) with p-value < 0.0001, except Alpha RBD-Fc (GMT = 11,143).
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Figure 20 Anti-RBD IgG titer of plant-produced variant RBD-Fc vaccines in monkeys
The anti-RBD IgG titer was measured from immunized monkey sera. Data were plotted
as GMT+95%Cl, n = 5, n = 3 for control. Two-way ANOVA, Tukey’s test was used (*: p
< 0.05, **: p < 0.01, *** p < 0.001, *** p < 0.0001).

Subsequently, the neutralizing titer against live-virus, SARS-CoV-2 Wuhan,
Alpha, Beta, and Delta strains were examined in monkeys immunized with variant RBD-
Fc vaccine sera (Figure 20). After the first immunization on day 14, only MNsj titer
against the Wuhan strain of Epsilon RBD-Fc vaccine (GMT = 80) was significantly higher
than Alpha, Beta, Gamma, and Kappa RBD-Fc vaccines, GMTs were 15, 10, 11, and 15,
respectively, with p-value < 0.01 and control group (GMT = 10) with p-value < 0.05,
except Delta group with GMT = 35.

Then, after the second immunization detectable MNg, titers were observed. In
neutralization against the Wuhan strain, the MN5, titer of only the Delta group, GMT =
2,560, was significantly higher than Alpha, GMT = 422, and Gamma, GMT = 538, vaccines
with p-value < 0.05, and Beta, GMT = 92, Kappa, GMT = 368, and control, GMT = 10,
groups with p-value < 0.01, except Epsilon vaccine with GMT of 2,229. After the second
booster on day 56, the MNs, titer of only the Epsilon RBD-Fc vaccine rose GMT of 4,457
significantly higher than Beta (GMT = 211), Gamma RBD-Fc vaccines (GMT = 381), and
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the control group (GMT = 10) with p-value < 0.01, but not in Alpha and Delta vaccine
groups with GMT of 1,280 and 2,941, respectively.

For neutralization against the Alpha strain on day 35, the MNjsj titer of the Delta
RBD-Fc vaccine rose the GMT of 2,560 significantly higher than Beta (GMT = 139), Kappa
RBD-Fc (GMT = 279) vaccines, and the control group (GMT = 10) with p-value < 0.05.
Moreover, the MNs titer against the Alpha variant of the Epsilon RBD-Fc vaccine (GMT
= 3,378) was significantly higher than Alpha, GMT of 557, and Gamma RBD-Fc, GMT of
538, groups with p-value < 0.05, and Beta, Kappa vaccines, and the control group with
p-value < 0.01. Then, the MN5, titer of the Delta RBD-Fc vaccine rose the GMT of 4,457
against the Alpha variant significantly higher than Beta (GMT = 279) and Kappa RBD-Fc
vaccines (GMT of 368) with p-value < 0.01, and the Gamma vaccine (GMT = 538) and
the control group (GMT of 10) with p-value < 0.05 after the third immunization on day
56. In addition, the MNjy, titer of the Epsilon vaccine group (GMT = 4,457) was
significantly higher than Beta, Gamma, and Kappa vaccines, and the control group with

p-value < 0.01, except Alpha RBD-Fc (GMT = 1,280) and Delta vaccines.

The neutralization against the Beta variant after the second immunization, the
MNs, titer of Alpha, Beta, Gammma, Kappa, Delta, and Epsilon RBD-Fc vaccines and the
control group did not show any significant difference with GMT of 422, 970, 2,153, 844,
368, 735, and 13, respectively. After that, the MNs, titer against the Beta strain of Beta
RBD-Fc vaccine (GMT of 3,378) was significantly higher than the Kappa vaccine (GMT =
1,689) with p-value < 0.05, and Delta (GMT = 735), Epsilon (GMT = 844) vaccines, and
the control group (GMT = 13) with p-value < 0.01 after the third injection on day 56,
but not in Alpha (GMT = 1689) and Gamma RBD-Fc (GMT = 3,620) vaccine groups.

Finally, the MN5, titer against the Delta variant of the Delta RBD-Fc vaccine
group elicited GMT of 4,457 significantly higher titer than Alpha (GMT = 121), Beta (GMT
= 23), Gamma (GMT = 57), Kappa RBD-Fc (GMT = 211), and control (GMT = 10) groups
with p-value < 0.0001, and Epsilon (GMT = 1689) with p-value < 0.01 after the second
immunization. After 14-day of the second booter (day 56), the MN5, titer against the
Delta strain of the Delta RBD-Fc vaccine (GMT = 3,378) was significantly higher than
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Beta (GMT = 121) and Gamma (GMT = 135) vaccine groups with p-value < 0.05, but not
in Alpha (GMT = 844), Kappa (GMT = 422), Epsilon (GMT = 2,941) vaccines, and the

control group (GMT = 10).
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Figure 21 Live-virus neutralization against SARS-CoV-2 variants of plant-produced

variant RBD-Fc vaccines in monkeys

The 50% microneutralizing (MNs,) titer was measured from immunized monkey sera

on day 0, 14 (A), 35, and 56 (B). Data were plotted as GMT+95%Cl, n = 5, n = 3 for
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control. Two-way ANOVA, Tukey's test was used (*: p < 0.05, **: p < 0.01, **: p <
0.001, ****: p < 0.0001). LOD: limit of detection.

Furthermore, the neutralizing antibody of variant vaccines immunized monkey
sera against pseudovirus presenting SARS-CoV-2 spike protein of Wuhan, Alpha, Beta,
Gamma, and Delta strains were also investigated (Figure 21). The 50% pseudovirus
neutralizing titer (PVNT5,) of vaccines was observed a significant difference in the Delta
variant after the first immunization. On day 14, the PVNT5, against the Delta strain of
Delta RBD-Fc vaccine (GMT = 133) was significantly higher than the Kappa vaccine (GMT
= 9) and the control (GMT = 1) groups with p-value < 0.05, and Alpha (GMT = 7), Beta
(GMT = 1), Gamma (GMT = 14) vaccine groups with p-value < 0.01. Moreover, the
PVNT5, of the Epsilon vaccine (GMT = 407) was significantly higher than all groups with

p-value < 0.01, except the Gamma vaccine with p-value < 0.05.

After the second immunization on day 35, the PVNT5, against the Wuhan strain
of Epsilon RBD-Fc vaccine rose GMT of 6,228 significantly higher than Beta (GMT = 26)
and Kappa vaccine (GMT = 520) groups with p-value < 0.05, except those of Alpha
(GMT = 291), Gamma (GMT = 377), Delta (GMT = 4512) vaccines and the control (GMT
= 1). Then, the PVNTs, of the Alpha vaccine rose GMT of 4,157 significantly higher than
the titer of Beta vaccine (GMT = 366) with p-value < 0.0001, and Gamma (GMT = 411),
Kappa (GMT = 670) vaccines and control (GMT = 1) with p-value < 0.001 after the third
immunization. Moreover, the neutralizing titer against Wuhan variant of Delta RBD-Fc
vaccine (GMT = 2,674) was also significantly higher than the control group with p-value
< 0.05. In addition, the PVNTs, of the Epsilon vaccine (GMT = 4,222) was significantly
higher than Gamma and Kappa vaccine groups with p-value < 0.01, and Beta and

control groups with p-value < 0.001 on day 56.

For Alpha variant, the significant difference of the PVNTs, of Alpha, Beta,
Gamma, Kappa, Delta, and Epsilon vaccine and control groups (GMT of 327, 91, 617,
502, 5,969, 5,626, and 1, respectively) were not observed on day 35. After the third
immunization on day 56, the PVNTs, of Alpha RBD-Fc vaccine rose GMT of 3,951
significantly higher than Beta (GMT = 968) and Gamma (GMT = 959) vaccine groups with
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p-value < 0.01, and Kappa vaccine (GMT = 748) and control group (GMT = 1) with p-
value < 0.001. Moreover, the PVNT5, of the Epsilon vaccine (GMT = 3,243) was also
significantly higher than the control group with p-value < 0.05, without a significant

difference, was observed in the Delta vaccine (GMT = 2,312) on Day 56.

In the pseudovirus neutralizing titer against the Beta variant, GMT of Alpha,
Beta, Gamma, Kappa, Delta, and Epsilon RBD-Fc vaccines and the control were not
significantly different both after the second (day 35) and third (day 56) immunizations,
GMT of 27, 168, 1,357, 413, 445, 540, and 1 on day 35, and 196, 1653, 1632, 587, 619,
444, and 1 on day 56, respectively.

Likewise, GMT of Alpha, Beta, Gamma, Kappa, Delta, and Epsilon RBD-Fc
vaccines and the control against the Gamma variant was not observed any significant
difference in both on Day 35, GMT of 354, 1,639, 424, 587, 780, and 1, respectively,
and 56, GMT of 1,368, 1,278, 487, 484, 472, and 1, respectively.

Finally, the PVNTso against the Delta variant of Delta RBD-Fc vaccine rose GMT
of 19,684 significantly higher than Alpha, Beta, Gamma, Kappa, and Epsilon vaccine and
control groups, GMT of 181, 31, 169, 536, 10,889, and 1, respectively, with p-value <
0.0001 after the second immunization. The PVNTs, of Epsilon group was also
significantly higher than Alpha, Beta, Gamma, Kappa, and Epsilon vaccine and control
groups with p-value < 0.0001 on Day 35. Then, the PVNTs, against the Delta strain of
Delta vaccine (GMT = 5,241) was significantly higher than the Alpha vaccine (GMT =
1,603) with p-value < 0.01, and Beta (GMT = 148), Gamma (GMT = 174), and Kappa
(GMT = 469) vaccines and the control (GMT = 1) with p-value < 0.0001 after the third

immunization, except in the Epsilon vaccine (GMT = 2,584).
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Figure 22 Pseudovirus neutralization against SARS-CoV-2 variants of plant-produced
variant RBD-Fc vaccines in monkeys

The 50% pseudovirus neutralizing titer (PVNTss) was measured from immunized
monkey sera on day 0, 14 (A), 35, and 56 (B). Data were plotted as GMT+95%Cl, n =
5, n = 3 for control. Two-way ANOVA, Tukey's test was used (*: p < 0.05, **: p < 0.01,
#% 5 < 0.001, ¥ p < 0.0001).
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CHAPTER V DISCUSSION

COVID-19 pandemic has adverse effects on health care and the nation’s
economic systems globally. More than six hundred million infected cases and six
million deaths have been reported since 2019-2020 and still increasing (32). An
effective vaccine is essential to prevent the spread of the virus and reduce the
mortality. The radical vaccination may help to achieve herd immunity against the virus,
in which some candidate vaccines are presently approved for human use (132, 189,
190). Now, the SARS-CoV-2 virus is evolving with multiple mutations that generate
SARS-CoV-2 variants and predominately emerge worldwide. Furthermore, the
emergence of variants, especially VOCs, increases concerns about the efficacy of the

protection of existing vaccines against these variants’ infection.

SARS-CoV-2 variants containing the mutations in the RBD region, increase the
binding affinity between the virus and the host receptor, ACE2, thereby evading the
host immunity (70, 191). The E484K, N501Y, and D614G sites in RBD involved in the
virus interaction with ACE2 (62, 192, 193). Moreover, K417N/T, E484K, and L452R
mutations were involved in the host immune escape function induced by
convalescent plasma and immunized sera (68, 70, 192, 194, 195). Previously, many
comparisons of the neutralizing activity against VOCs and ancestral (Wuhan) strain from
vaccinated human samples were published (133). The minimal reduction of
neutralizing titer against Alpha and Beta variants in mRNA, viral vector, inactivated, and
subunit vaccine vaccinated recipients were observed. The minimal to moderate
decrease neutralizing activity was also reported for Gamma, Delta, and Kappa strains.
Moreover, a considerable reduction of neutralizing response in BNT162b2 recipients
against the Omicron variant was reported, while undetectable neutralizing titer was
demonstrated in CoronaVac recipients (137). Thus, the development of effective
COVID-19 vaccines with coverage against VOCs is being a significance for worldwide
(196). Moreover, the variant-specific SARS-CoV-2 vaccines might be required to manage
the new variants outbreak, especially against those declining the immunity elicited by

existing approved vaccines.
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For subunit vaccines, several expression systems were used, including bacteria,
yeast, mammalian or plant cells (197-200). The advantages of the plant expression
system for producing vaccine antigens in response to viral pandemics or epidemics
have been well described (201, 202). Previously, our team has developed the plant-
produced SARS-CoV-2 Wuhan RBD-Fc subunit vaccine adjuvanted with alum, called
Baiya SARS-CoV-2 Vax 1, that exhibited to elicit robust immune responses in both mice
and monkeys against the ancestral SARS-CoV-2 (163). Moreover, our team has also
published that the Alpha and Beta RBD-Fc can be successfully produced in plants
(183). In this study, we have assessed the ancestral (Wuhan) strain and different variant-
specific subunit vaccines which are constructed based on the variant SARS-CoV-2 RBD
proteins produced in the N. benthamiana expression system. For new construct variant
RBD-Fc proteins, Gamma, Kappa, Delta, and Epsilon RBD-Fc were successfully
expressed from N. benthamiana and purified by protein A chromatography(163, 183).
Plant-produced variant RBD-Fc proteins showed expected band at the molecular
weight of approximately 150 kDa and 75 kDa under non-reducing and reducing
conditions, respectively. However, in the western blot analysis, the affinity of anti-RBD
HRP-conjugated secondary antibody was found to be different for each variant RBD-Fc
protein. The most intense major band was observed in Delta RBD-Fc protein, whereas
the band intensity was found to be lower in Kappa, Epsilon, Gamsnma, Beta, and Alpha
RBD-Fc proteins. The yield of purified variant RBD-Fc proteins was found to be in the
range of 20-28 pg/g fresh weight, which is comparable with the previous report of
plant-produced Wuhan RBD-Fc which has the expression level of 25 pg/g fresh weight
(163). The Fc region has been fused to the RBD owing to its advantages such as easy,
rapid purification, longer half-life and also their polymeric nature provides an additional
antigen depot effect (203). Fc-fused protein vaccines against SARS-CoV and influenza

has also reported (204, 205).

Hereafter, the purified plant-produced variant RBD-Fc proteins were formulated
with excipients and adjuvanted with alum as subunit vaccines. Alum exhibits excellent
safety and efficacy profiles for long years and widely used in many available licensed

vaccines, including tandem-repeat dimeric RBD subunit vaccine (206). Alum salts also



58

form a short-term depot at the injection site, while slowly releasing the adsorbed
antigen to the recipient (207). Here, we performed two studies to investigate the
booster dose effect of ancestral RBD-Fc vaccine, Baiya SARS-CoV-2 Vax 1, and three
immunizations with 3-week interval of different SARS-CoV-2 variant RBD-Fc vaccines in
cynomolgus monkeys. With the reduction the dose of vaccines to 10 pg-dose to

increase the vaccine availability and accessibility during the outbreak.

First, two doses of 10 pg of Baiya SARS-CoV-2 Vax 1 elicited neutralizing
antibody responses on day 35 in comparable levels to those of 25 and 50 pg Baiya
SARS-CoV-2 Vax 1 (163). Moreover, this study showed that anti-RBD and neutralizing
antibodies dramatically decreased after the second immunization for 16 weeks later
(day 133). Which conformed to the recent research that the high immunogenic
response after the second immunization of RBD subunit vaccine was reduced after 3
months later in mice (204). After the third immunization of Baiya SARS-CoV-2 Vax 1
(day 143), the anti-RBD and neutralizing antibody titers against the ancestral (Wuhan)
variant were elicited in comparable levels after the second immunization (day 35).
These results are in line with the previous studies in which the antibody response was
shown to be increased after the booster dose (204, 208). Baiya SARS-CoV-2 Vax 1
vaccination elicits broadly neutralizing antibodies against VOCs, except Beta and
Gamma variants, after the first booster dose. Relatively, the neutralization efficiency
against Wuhan and variants of 4-month lapse was noticeably dropped as same as live-
virus neutralization results. Surprisingly, the third vaccination markedly boosted the
neutralizing response against these strains, including the highly transmission strain Delta
variant. The neutralizing activity of the sera on day 147 against variants was comparable
to the Wuhan strain, however, the minimal reduction in the PVNTs, against Gamsmma
variant compared to Wuhan strain was observed. On the other hand, the neutralizing
titers against both Omicron BA.1 and BA.2 on day 147 were dramatically decreased
compared to Wuhan with 6.1- and 7.1-fold reduction, respectively. Previous reports
showed the resistance of variants against the antibody elicited after two doses of
immunization (70, 209-211). Moreover, the booster dose showed increase in the

vaccine efficacy against Omicron variant compared to non-booster vaccinated
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recipients (212). Hence, the booster dose from 2-dose regimen of vaccine might be

ideal for boosting the immunogenicity against further variants (210).

Then, the immunogenicity of 10 pg-dose of plant-produced variant RBD-Fc
vaccines with three dose vaccination with 3-week intervals was investigated in
monkeys. The results showed that both Delta and Epsilon RBD-Fc (sharing L452R and
D614G mutations) vaccinated groups showed the high potential of inducing both anti-
RBD and neutralizing antibodies against ancestral, Alpha and Delta strains after the
third immunization on day 56. However, the neutralization activities against Beta and
Gamma variants of both Delta and Epsilon vaccine groups were found to be lower,
which related to Wuhan RBD-Fc vaccine as mentioned above. Besides, the neutralizing
titer of Beta and Gamma RBD-Fc (sharing E484K, N501Y, D614G sites) vaccinated groups
were found to be higher against Beta and Gamma strains compared to the rest of the
immunized groups. Similar with the previous reports, recombinant spike proteins from
the wild-type Wuhan, Alpha, Beta, and Gamma vaccines demonstrated high
neutralizing titers against the homologous variants (213). In addition, the reduction of
neutralizing activities was also noted, 4.8-fold reduction of Alpha vaccine against Beta
strain, 4.4-fold reduction of Alpha vaccine against Gamsnma strain, and 4.2-fold reduction
of Beta vaccine against Gamma strain. Based on these results, the SARS-CoV-2 variant-
specific vaccine might not cross-protect or neutralize all or the further variants.
However, further challenge experiments are required to support the findings. Recently,
the concept of cocktail vaccine, antigens combination vaccine, has been proposed for
eliciting the broad immune response against SARS-CoV-2 variants. Recently, the
published data demonstrated that the designed RBD with mutation sites as the cocktail
vaccine increased variant-specific antibodies than the single antigen vaccine

formulation (214).

However, the Th2-bias of alum adjuvant was reported to be possibly associated
with lung eosinophilic immunopathology in mice model (120). Consequently, U.S. Food
and Drug Administration (FDA) guided to the industry that COVID-19 vaccine candidates
should preferably elicit a strong Th1 response and high levels of neutralizing antibodies

(215), like approved mRNA vaccines from both Pfizer/BioNTech and Moderna, and
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Matrix-M adjuvanted subunit vaccine from Novavax. Hence, the second Th1l-bias
adjuvant might be considered to combine in the next formulation for balancing

Th1/Th2 responses, such as CpG, Poly(l:C), and MPLA (174).

The limitation of this study is that the pseudovirus presenting the SARS-CoV-2
spike protein of variants was used instead of the live-viruses to test the neutralization
activity of the immunized sera. However, this methodology is generally accepted,
which offers the similarly results to the authentic virus neutralization. On the other
hand, this assay can be applied even in the absence of specific variants in the local
region and the requirement of facility is not restricted to the Biosafety Level 3 (BSL3)

(216-218).

Further challenge studies are essential to evaluate the immunogenicity induced
by plant-produced variant RBD-Fc vaccines have the potential to protect animals
against SARS-CoV-2 infection, especially VOCs. Recently, prime-boost of Baiya SARS-
CoV-2 Vax 1 was reported as the effective vaccine that protects the SARS-CoV-2
challenged K18-hACE2 mice (162). Taken together, these studies provide the clear
evidence that the booster dose from prime-boost vaccination or the long-term of the
third immunization elicit broad neutralizing antibody against SARS-CoV-2 variants better

than variant-specific vaccines in monkeys.

In conclusion, our data highlights the potential of Baiya SARS-CoV-2 Vax 1 and
different variant vaccines in eliciting a significant humoral immune response in
cynomolgus macaques with three dose vaccination. Moreover, the sera from the
booster dose of Baiya SARS-CoV-2 Vax 1 immunized monkeys were found to be
effective in neutralizing SARS-CoV-2 variants recognized by the WHO as former VOCs,
broader than variant-specific vaccines. These results revealed the potential for using
the plant-produced protein subunit vaccines in the fight against SARS-COV-2. In
addition, another possible approach is that the wild-type or variant antigens could be
combined to develop as a cocktail vaccine. Further studies are needed to validate the
cocktail vaccine strategy and its efficacy against the circulating SARS-CoV-2 or future

variants. Furthermore, long-term three-dose regime can be suggested for the countries
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where the infection is severe. Additionally, a three-dose vaccination regime can be
employed for developing an effective vaccine against SARS-CoV-2 further variants.
However, the durability immune response of booster dose needs to be investigated.
Overall, these proof-of-concept results facilitate the design and development of plant-

produced variant subunit vaccines against SARS-CoV-2 variants.
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CHAPTER VI CONCLUSION

The efficacy of plant-produced SARS-CoV-2 variant RBD-Fc subunit vaccines was
investigated in this study. Here, different variants, ancestral (Wuhan), Alpha, Beta,
Gamma, Kappa, Delta, and Epsilon, RBD-Fc fusion proteins were successfully produced
from N. bethamiana with yields of 25.3, 23.8, 23.3, 21.9, 26.4, 28.0, and 20.0 pg/g fresh
weight, respectively. The outcomes of immunogenicity of Baiya SARS-CoV-2 Vax 1,
Wuhan RBD-Fc adjuvanted with alum, in cynomolgus monkeys demonstrated that
long-term immunization could induce a high level of cross-neutralizing antibodies
against SARS-CoV-2 variants. Moreover, variant RBD-Fc vaccines also elicited a high level
of neutralizing antibodies against homologous variants.

In conclusion, these findings revealed the potential to use the proper
immunization manner and antigen formulations. The long-term booster dose of the
original SARS-CoV-2 strain might be required for protecting the further SARS-CoV-2
variants. Whereas, the variant-specific vaccine may be considered as the booster dose
or combined with another antigen as a cocktail vaccine to elicit broad neutralization

against variants.
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APPENDIX B
pBYR2eK2Md Plant Expression Vector Map
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Gamma RBD
Kappa RBD
Delta RBD
Epsilon RBD

Wuhan RBD
Alpha RBD
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Gamma RBD
Kappa RBD
Delta RBD
Epsilon RBD

Wuhan RBD
Alpha RBD
Beta RBD
Gamma RBD
Kappa RBD
Delta RBD
Epsilon RBD

Wuhan RBD
Alpha RBD
Beta RBD
Gamma RBD
Kappa RBD
Delta RBD
Epsilon RBD

Wuhan RBD
Alpha RBD
Beta RBD
Gamma RBD
Kappa RBD
Delta RBD
Epsilon RBD

APPENDIX C

The amino acid sequence alignment of variant RBD regions

318

368

418

468

518

568

FRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSV

_________________________________ Y________________
________________ K________________Y________________
________________ K_______._.___._______________________
________________ Q_________________________________
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417

467

517

567

617

88



APPENDIX D
The quantification of plant-produced variant RBD-Fc by ELISA Assay.

Standard curve

0.60
y = 0.0005x + 0.1076 L
0.50
R? = 0.9962
0.40

0.30

Ad-SO

0.20

0.00
0 200 400 600 800 1000

Concentration (ng/mL)

Raw data of the standard curve

Concentration Asso
(ng/mL) Repl | Rep2 | Average

0 0.101 | 0.099 | 0.100

31.25 0.115 | 0.120 0.118
62.5 0.137 | 0.140 0.139

125 0.162 | 0.157 | 0.159

250 0.240 | 0.245 | 0.243

500 0.320 | 0.337 | 0.329

1000 0.574 | 0.543 | 0.559
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APPENDIX E
Antibody titers of Baiya SARS-CoV-2 Vax 1 immunized monkey sera

Anti-RBD IgG titer

Anti-RBD IgG titer
Group Vaccination Group No. Day
Day 0 Day 35 Day 133 Day 147
14
G1/1 100 100 200 200 100
G1/2 100 200 200 400 200
G1/3 100 200 200 100 100
Gl/4 100 200 200 200 200
1 Control
G1/5 100 100 200 200 100
GMT 100 152 200 200 132
95 - 109 -
95% CI | 100 - 100 200 - 200 82 -211
243 368
G2/1 100 200 6,400 1600 12,800
G2/2 100 200 12,800 1600 6,400
G2/3 100 400 12,800 3200 12,800
G2/4 100 100 12,800 1600 25,600
2 10 pg Baiya SARS-CoV-2 Vax 1
G2/5 200 200 12,800 800 6,400
GMT 115 200 11,143 1600 11,143
109 - 7,583 - 871 - 5,423 -
95% Cl | 78 - 169
368 16,374 2,940 22,894
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MN;,, titer
MN5q titer
Group Vaccination Group No. Day
Day 0 Day 35 Day 133 Day 147
14
G1/1 10 10 10 10 10
G1/2 10 10 10 10 10
G1/3 10 10 10 10 10
Gl/4 10 10 10 10 10
1 Control
G1/5 10 10 10 10 10
GMT 10 10 10 10 10
10 -
95% ClI
10 - 10 10 10 - 10 10 - 10 10 - 10
G2/1 10 10 1,280 160 2560
G2/2 10 10 5,120 320 640
G2/3 10 10 2,560 320 1280
G2/4 10 10 2,560 640 5120
2 10 pg Baiya SARS-CoV-2 Vax 1 G2/5 10 10 10,240 320 2560
GMT 10 10 3,378 320 1,940
1,266 - 147 - 127 -
95% Cl 10 -
10 - 10 10 9,012 588 5,176
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PVNTS,
PVNT,, (Day 14)
Group Vaccination Group No.
Wuhan Alpha Beta Gamma Delta
G1/1 1.00 1.00 1.00 1.00 1.00
G1/2 1.00 1.00 1.00 1.00 1.00
G1/3 1.00 1.00 1.00 1.00 1.00
1 Control Gl/4 1.00 1.00 1.00 1.00 1.00
G1/5 1.00 1.00 1.00 1.00 23.60
GMT 1.00 1.00 1.00 1.00 1.88
95% Cl 1.00 - 1.00 1.00 - 1.00 1.00-1.00 | 1.00 - 1.00 0.33 - 10.89
G2/1 111.53 76.10 1.00 1.00 70.79
G2/2 1.00 1.00 1.00 1.00 37.39
G2/3 1.00 1.00 1.00 1.00 35.43
2 10 pg Baiya SARS-CoV-2 Vax 1 G2/4 1.10 1.00 1.00 1.00 35.44
G2/5 1.00 1.00 1.00 1.00 25.26
GMT 2.62 2.38 1.00 1.00 38.44
95% Cl 0.19 - 35.41 0.21 - 26.36 1.00 - 1.00 1.00 - 1.00 | 24.12-61.26
PVNT;, (Day 35)
Group Vaccination Group No.
Wuhan Alpha Beta Gamma Delta
G1/1 4581 37.63 1.00 27.35 7.81
G1/2 39.44 33.79 1.00 36.87 39.25
G1/3 ST 2.25 1.00 1.00 26.24
Gl/4 1.00 1.00 1.00 1.00 1.00
1 Control
G1/5 1.38 37.65 1.00 1.00 40.40
GMT 9.86 10.15 1.00 3.99 12.66
95%
p 0.88 - 110.60 1.13-91.32 1.00 - 1.00 0.38 - 42.04 1.81-88.70
G2/1 1,896.29 1,494.70 41.18 54.14 1,500.40
G2/2 6,683.56 7,165.83 212.68 237.51 3,538.13
G2/3 8,235.94 6,667.37 271.17 252.59 3,189.89
10 pg Baiya SARS- G2/4 4,715.25 3,564.03 285.61 396.08 3,101.90
? CoV-2 Vax 1 G2/5 5,958.11 11,858.21 7,047.86 7,154.37 1,020.55
GMT 4,936.83 4,965.32 343.48 391.56 2,217.40
95% 2,427.96 - 1,849.42 - 33.80 - 42.48 - 1,117.58 -
Cl 10,038.14 133,330.88 3,490.19 3,608.72 4,399.55
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Vaccination PVNT;, (Day 133)
Group No.
Group Wuhan Alpha Beta Gamma Delta
G1/1 1.00 1.00 31.97 33.07 19.87
G1/2 15.43 39.20 38.18 37.39 38.57
G1/3 15.83 36.59 38.25 37.15 19.34
1 Control Gl/4 1.00 39.36 35.36 1.00 1.00
G1/5 1.00 32.24 26.27 1.00 13.52
GMT 3.00 17.87 33.68 8.56 11.49
95% ClI 0.46 - 19.48 2.41-13248 27.71 - 40.94 0.75-97.64 1.98 - 66.71
G2/1 306.18 136.96 54.20 66.97 133.29
G2/2 887.64 179.01 64.87 73.11 220.22
G2/3 54572 159.88 57.16 71.31 209.04
10 pg Baiya SARS-
2 G2/4 357.67 230.90 138.24 104.69 204.31
CoV-2 Vax 1
G2/5 141.63 111.68 115.66 106.71 32.08
GMT 375.98 158.83 79.69 82.84 132.09
95% ClI 160.70 - 879.68 113.02 - 223.20 | 46.66 - 136.11 | 62.66 - 109.51 | 47.94 - 363.96
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APPENDIX F

Antibody titers of plant-produced variant RBD-Fc vaccines immunized monkey sera

*Note: G4/4 monkey (Gamma RBD-Fc vaccine) died on day 8 (11 June 21) which acute

upper airway obstruction and respiratory failure caused by choking the digested food.

Accordingly, the data of G3/4 monkey was presented only on day 0 or day 8 as day

14 in some experiments by using the serum on day 8 for day 14 data with other

monkeys.

Anti-RBD IgG titer

Anti-RBD IgG titer
Group Vaccination Group No. | Sex
Day 0 Day 14 Day 35 Day 56
G1/1 M 100 100 100 100
G1/2 100 100 100 100
1 Control G1/3 100 100 100 100
GMT 100 100 100 100
95% ClI 100 - 100 | 100 - 100 100 - 100 100 - 100
G2/1 M 100 200 6,400 12,800
G2/2 M 100 100 3,200 6,400
G2/3 M 100 400 3,200 6,400
10 pg Alpha RBD-Fc
2 G2/4 F 100 200 12,800 25,600
vaccine
G2/5 F 100 100 6,400 12,800
GMT 100 174 5,572 11,143
95% ClI 100 - 100 85 - 358 2,712 - 11,447 5,423 - 22,894
G3/1 M 100 100 1,600 12,800
G3/2 M 100 100 12,800 12,800
G3/3 M 100 100 3,200 6,400
10 pg Beta RBD-Fc
3 G3/4 F 100 100 6,400 3,200
vaccine
G3/5 F 100 100 3,200 3,200
GMT 100 100 4,222 6,400
95% ClI 100 - 100 | 100 - 100 1,583 - 11,265 2,706 - 15,134
G4/1 M 100 100 1,600 12,800
G4/2 M 100 200 6,400 12,800
G4/3 M 100 100 6,400 12,800
10 pg Gamma RBD-Fc
vaccine
G4/5 F 100 100 3,200 3,200
GMT 100 115 3,805 9,051
95% ClI 100 - 100 78 - 168 1,324 - 10,940 3,004 - 27271
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Anti-RBD IgG titer
Group Vaccination Group No. Sex
Day 0 Day 14 Day 35 Day 56
G5/1 M 100 100 12,800 12,800
G5/2 M 100 100 12,800 12,800
G5/3 M 100 100 12,800 6,400
10 pg Kappa RBD-Fc
5 G5/4 F 100 100 12,800 12,800
vaccine
G5/5 F 100 100 51,200 12,800
GMT 100 100 16,890 11,143
95% ClI 100 - 100 | 100 - 100 7,822 - 36,470 7,583 - 16,374
G6/1 M 100 800 51,200 12,800
G6/2 M 100 800 12,800 12,800
G6/3 F 100 200 12,800 25,600
10 pg Delta RBD-Fc
6 G6/4 F 100 100 51,200 25,600
vaccine
G6/5 F 100 1,600 51,200 51,200
GMT 100 459 29,407 22,286
95% Cl 100 - 100 | 112-1,890 | 11,455 - 75,492 | 10,847 - 45,789
G7/1 M 100 3,200 12,800 12,800
G7/2 M 100 3,200 12,800 12,800
G7/3 B 100 400 12,800 51,200
10 pg Epsilon RBD-Fc
7 G7/4 F 100 800 12,800 25,600
vaccine
G7/5 F 100 800 12,800 25,600
GMT 100 1,213 12,800 22,286
95% ClI 100 - 100 | 382 -3,848 | 12,800 - 12,800 | 10,847 - 45,789
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